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Orbital  Electron  Capture  by  the  Nucleus* 
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The  theory  of  nuclear  electron  capture  is  reviewed  in  the  light 
of  current  understanding  of'  weak  interactions.  Ejsperimental  methods 

-s 

and  results  regarding  capture  probabilities,  capture  ratios,  and' 
EC/3  ratios  are  .summarized-.  Radiative  electron  capture  is  dis- 
cussed, including  both  theory  and- experii^nt.  Atomic 'wave-function 
overlap  and  electron  exchange  effects  are. covered,  as  are  atomic 
transitions  that' accompany  nucleeir  electron  capture.  Tables  are 
provided,  to  assist  the  reader  in  determining  quantities  of  interest 
for  specific.-cases. 
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1.  INTRODUCTION 
1.1  History 

In  B decay,  a nucleus  can  capture  an  electron  {or  a positron) 
instead  of  emitting  one.  This  possibility,  inherent  in  the  Fermi 
(1934)  theory  of  g emission,  was  first  suggested  by  Yukawa  and 
Sakata  (1935,_  1936,  1937).  The- density  of  atomic  bound  electrons  at 
the  nucleus  makes  orbital  electron  capture  significant,  particularly 
for  s electrons  in  heavy  atoms.  Detection  of  the  emitted  neutrino  is 
a major  experimental  undertaking  that  has  _not  yet  met  with  success 
(Davis,  et  al. , 1968;  -see  also  Physics  Today  25 , August  1972,  -p.  17; 
Biicall,  1972).'  Even  the  nuclear  recoil  from  neutrino  emission  is 
ve^  difficult  to  detect  (Crane,  1948) , unless  extraordinary  ingenuity 
is  brought  to  bear  (Goldhaber  et  al. , 1958).  X rays  and  Auger 
electrons  emitted  in  ■the  deexcitation  of  .the  ionized  'daughter  provide 
more  readily  detectable,  albeit ■ indirect,  signals  of  the  capture 
process. 

, .Alvarez  (1937)  first  gained ' experimental  evidence  for  the  existence 

of  nuclear  electron  capture  by  detecting  Ti  K x rays  emitted  in  the 
48'  - 

decay  of  V.  A Geiger  counter  was  employed;  positrons  were  bent 
away  ;by  a magnetic  field,  and  the  x-ray  energy  was  established  approxi- 
mately from  an  Al  absorption  curve.  Gamma-ray  internal  conversion 
could  not  be  excluded  as  a possible  origin  of  the  Ti  K x rays.  A 
completely  conclusive  demonstration  was  brought  about  the  following 
year,  when  Alvar.ez  (1938a,  b)  used  differen-tial  absorption  to  identify 


8 


sv 

Zn  K X rays  from  the  decay  of  Ga.  Related  cloud-chamber  experiments 

were  performed  by  Oldenburg  (1938)  and  by  Williams  and  Pickup  (1938) , 

after  an  unsuccessful  attempt  by  Jacobsen  (1937) . Hie  capture  of  L 

electrons  was  first  observed  by  Kirkwood  af . (1948)  and  Pontecorvo 

37 

et  al-  (1949) , who  mixed  radioactive  Ar  with  the  gas  in  a proportional 

counter  and  found  a peak  due  to  Cl  L x rays  in  the  spectrum.  Dougan 

71 

(1961)  first  measured  M-electron  capture  in  Ge. 

Following  the  work  of  Fermi  (1934)  and  Yukawa  and  Sakata  (1935, 

1936,  1937),  the  theory  of  allowed  electron  capture  was  developed  by 
Bethe  and  Bacher  (1936)  and  Mj^ller  (1937a,  b) . Generalizations  in- 
cluding forbidden  transitions  were  carried  out  by  Marshak  (1942) , 

Bouchez  ^ al.  (1950;  Bouchez,' 1952) , Brysk  and  Rose  (1958),  rlul-bgrcl  (19^5) 

Hobinson  T1965),  Zwcifel  (195^,  195?»  195?) » 

^KonOpinski  (1966),,  and  Behrens  and  Janecke  (1969),  among  others.  The 
subject  has  been  reviewed  by  Robinson  and  Fink  (1955,  1960) , Bouchez 

(1963a,  1968a). 

and  Depommier  (1960) , and  Berdnyi  ^ tntroductions'  to  the  theory 
are  contained  in  the  books  by  Schopper  (1966)  and  Wu  and'  Jioszkowski 
(1966) . 


1.2.  Energetics 


We  denote  by  W^+1  the  energy  (mass)  difference  between  parent  and 


daughter  neutral  atoms t 


W = AW  , - A 2E  , 
o nucl  ' X ' 


(1-1) 


in  units  such  that  li=»m  =c=l.  Here,  AW  is  the  energy  difference 
between  the  parent  nucleus  (A,S)  and  the  daughter  nucleus  (A/Z-1)  . 


The  quantity  A[S-E^1  is  the  .total  change  in  electron  binding  .energy 


Q 


between  parent  and  daughter  atoms,  which  arises  because  ail  electron 
energy  levels  move  up  in  iie  potential  well  as  the  nuclear  charge 
decreases  by  one  unit  (the  electron  cloud  "expands").  The  binding- 
energy  charge  a|ie^|  is  not  negligible;  it  amounts  to  '''20  keV  for 
Z=85,  for  example. 

Let  E^'-be  the  binding  energy- of  the  captiired  electron  in  the 

daughter  atom.  We  neglect  the  energy  of  atomic  recoil  from 

7 ‘ . 

neutrino  emission;  its  largest  value/  in  Be  decay,  is  only  57  eV. 
Because  of  in®>erf ect  atomic  wave-function  overlaps  the  daughter  atom's 
electronic  excitation  energy -will  exceed  | hy  an  amount  that  we 

denote  by  E„ . The  average  of  this  rearrangement  energy  E„ , taken 
over  many  atoms,  is  small  (of  the  .order  of  a few  eV) , but  in  those 
individual  transitions  in  which -substantial  shakeup  or  shakeoff  {in- 
ternal ionization)  occurs,  cm' be  quite  significant  (Sec.  '5).  The 

'R 

neutrino  energy  is 

q = W + i - [e  ' I’  - B_  (1-2) 

• o ' X ' R 

or  . ■ . 

q ■=  Aw  . , - A I £E  ’ [ + 1 - I E 1 - E -.  (1-3) 

nucl  x'  ' X ‘ R 

The  atomic  excitation  energy.  |e^'  j -f-  E^^  is  released  "after  the  capture 
event  in  a cascade  of  Auger  and  radiative, transitions,  except  for 
energy  carried  into  the  continuum  in  shakeoff.  The  energy  threshold 
for  electron  capture  from  orbital  x is 

' ■ ''Vol'  - V 

Positron  emission  is  energetically  possible,  and  competes  with 
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orbi‘,tal.  electron,  cagtiore  (Secs.  3.4,;  3.5)  if  W^-1/ 


AW  , i 1 + AIie  1 + E„. 
nucl  ' jc'  R 


(1-5) 


1.3.  Atomic  Effects- 


Nuclear'  electron  capture  by  its  very  nature  stands  at  the  inter- 
face- between  nuclear  and  atomic  physics.  Only  in  the-  crudest  of 
approxima^ons  can  the  atomic  electron  cloud  be  treated  as  merely  the 
donor -of  the’ electron  that  is  captured.  Nevertheless,  ‘ the  importance 
of  .treating  g'  decay, in  general,  .and^  .electron  capture  .in  .particular,  _as 
transformations  of  the  whole  atom  -was  -not-  quantitatively  taken  -into 
account  until  .Benbist-Gueutal.  11950.,  il953a,  ,i>J.  .wrote  -her  .thesi.s^  .Hie 
idea  of  including-  atomic  variables  in  the  description  of  ini’tial  and 
final  states  was  pursued-  by  Odiot  and  Daudel  (1956)  and  formulated 
elegantly  by  Bahcall  (1962arl963a,  b) . 

The  fact  that  the  entire  atom  is  transformed  in  electron-capture 
decay  is  'reflected  in  the-  energetics  (Sec.  1.2)  and  ih  the  effect  of 
imperfect  atomic,  wave-function  overlap  on  the  transition  rate  (Sec. 

."2  .‘5) . Turtheinnore , atomic  -transitions  suc'h  as  shakeup  and  shakeof f - 
(internal  ionization)  can  take  place  as  an  integral  part  of  the  radio- 
active. decay  (Sec.  5) , quite  distinct  from  the  Auger  and  x-ray  cascade 
through  which  -fche  daughter  .atom  is  si&sequently  deexcited.  Atomic 
effects  in  nuclear  decay  -have  recently  been  reviewed  by  Emery  (1972) , 
Crasemann  (1973),  Freedman  - (1974) , and  Walen  and  Briangon  (1975). 
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1.4.  Radiative  Electron  Capture 

The  existence  of  a low-intensity  continuous  photon  spectrum 
accompanying  3 decay  was  first  observed  by  Aston  (1927)  and  Bramson 
(1930) . , The  basic  theory  of  radiative  3 decay  was  developed  in- 
dependently by  Knipp  and  Dhlenbeck  (1936) , who  were' seeking  an 
ej^lanation  for  the  observed  photon  continuum,  and  by  Bloch  (1936) , 
who  was  unaware  of  the  experimental  work  and  was  motivated  by  purely 
theoretical  considerations  based  oii  Fermi’s  theory-  of  3 decay  and 
Dirac’s  theory  of  the  positron.  Miller  (1937a,  b)  and  Morrison  and 
Schiff  (1940)  pointed  out  that 'internal  breinsstrahlung  (IB)  should  be 
emitted  .in  the  course  of  nuclear  electron  capture  as  well  as  in-  3 
decay,  and  independently  worked  out  the  theory.  Mj^ller  (1937  a,  b)  in 
particular,  was  interested  rn  differentiating  be-tween  the  Fermi  and 
Konppihski-Uhlenbeck  couplings.  Internal  bremsstrahlung  from  electron 
capture  was  first  detected  by  Bradt  e^  al.  (1946) . A nunber  -of  reports 
followed,  describing  the”  observation -of  IB. at  high  energies;  all  of 

•these  data  were  consistent  with  the  Morrison-S chi ff- "theory.  • A study 
55  • - ■ - 

of  the  Fe  IB  spectrum ''by  Madansky  and  Rasetti  (1954) , however, 
showed  an  une^'ected  steep  rise  of  the  IB  intensity  at  low  photon 
energies.  These  data  were  only  e3q>lained  after  Glauber  and  Martin 
(1956;  Martin  and  Glauber,'  1958)  developed'  an  elaborate  and  much  more 
accurate  theory  of  IB  in  electron  capture,  in  which  Coulomb  and 
screening  effects  .are  taken  into  aocovuit  and  capture  from  L and  M ^ 
shells  is  included.  Although  originally  restricted  to  allowed  transi- 
tions, this  theory  was  later  generalized  to  electron-capture  transitions 
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of  arbitrary'  degree  of  forbiddenness  by  Zon  and  Rapoport  (1968?  Zon, 
1971) . 

1.5.  Significance 

Research  on  electron- capture  probabilities  and  ratios  is  being 

pursued  as  a facet  of  basic  science  and  because  of  the  importance  of 

applications.  Electron  capture  plays  a part  in  the  decay  schemes  of 

some. 500  radionuclides,  'v-SO  of  which  are  commercially  available. 

Nuclear  ^decay  by  electron  capture  is  not  only  relevant  to  nuclear 

science  but  also  to  geochemistry,  cosmology  and  astrophysics  (Trimble 

and  Reines,  1973),  nuclear  medicine  (Dillman,  1968,  1970),  and 

technology,  ^e  measurement  of  K/6  ratios  is  one  of  the  more  sensitive 

an 

•ways  of  determining^yUpper  limit  on  the  Fierz  interference  tern 
(Schopper,- 1968) . Ratios  of  allowed  electron  capture  from  various 
shells  are  independent  of. nuclear  factors  and  reflect  purely  atomic 
properties?  these  ratios  are  sensitive  tQ  bound-electron  wave  func- 
tions' at  the  nuclear  surface  and  to  electron  exchange  and  imperfect 
atomic  wave-function  overlap  (Bahcall,  1962^  1963a,  b) . 

1.6,  Scope  of  Review 

In  Sec.  2 of  this  article, • we  discuss  the  theory  of  allowed  and 
forbidden  nuclear  electron- capture . Formulae  and  tables  are  prcyided 
that  enable  the  reader  .to  calculate  transition  rates  and  ratios  of 
interest.  Special  attention  is -paid,  in  Sec.  2,5,  to  electron-r 
exchange  and  atomic  wave-function  overlap  effects  on.  the  transition 
probability.  Ej^ierimental  methods  for  the  me.asurement  of  electron- 
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capture  probabilities  and  ratios  and  of  EC/S  ratios  are  described  and 
compared  in  Sec.  3.  Published  data  are  listed,  critically,  evaluated, 
and  compared. with  theory.  In  Sec.  4,  the  theosry  of  radiative  electron 
capture  and  experimental  work  on  internal  bremsstrahlung  are  thoroughly 
reviewed  and  tables  for  the  calculation  of  IB  spectra  are  provided. 
Section  5 is  devoted  to  a discussion  of  atomic  transitions  that 
accompany  nuclear  electron  capture. 

We  have  made  an  effort  at  completeness  in  covering  the  siJibject. 
Some  information  has  been  included  that  is  now  of  merely  historical 
interest,  but  we  have  attempted  to  be-  adequately  critical  in  the  final 
evaluation  and  comparison  of  results.  Meson  capture,  though 
interesting  and  closely  related  to  our  subject,  has  not  been  included. 

We.  hope  '.that  this  article  may  prove  useful  for  both  theoretical 
and  experimental  researchers  in  need  of  a complete  survey  of  what  is 
known  about  nuclear  electron  capture,  and  that  it  will  be  of  help  to 
nuclear  physicists  and  chemists  and  to  workers  in  radionuclide  • 
metrology,- nuclear  medicine,  and- in  related  areas. 


2,  SLEGTRON-CAPa?URE  THEORY 


2»1»  The  De^y  ai^  Eleetron-^p^re 
and  Transition  Hates 


It  is  usually  assumed  that  all  the  weak  interaction  pro- 
cesses  can  be  described  by  a universal  fundamental  Hamiltonian 
density  ( current-current  interaction) ( Marshak  et 
al« , 1969;  Schopper,  1966;  Blin-Stoyle,  1973)*  A general  dis- 
cussion of  such  phenomenological  interaction  currents  in  nu- 
clear systems  is  given  by  Lock  al.  (197^)-  For 

the  special  case  of  nuclear  P decay,  this  Hamiltonian  density 
has  the  form^ 


HpCx)  -Gp2'^/^[yx)L+(x)  + h.c] 

where  J and  L denote  the  hadron  and  the  lepton  current, 
respectively*  The  p-decay  coupling  Constant  Gp  is  related  to 
the  universal  weak  coupling  constant  G by 


(2-1) 


G-,  SS  G COS0, 
P 


(2-2) 


where  8 is  the  Cabbibo  angle - 

Although  Eq-  (2-1)  well  describes  such  processes  as  p and 
p decay,  it  represents  an  incomplete  theory  because  it  is  not 
renormalizable-  Thus,  higher-order  corrections  cannot  be  cal- 
culated- In  the  last  few  years,  however,  renormalizable  models 

m 

(first  proposed  by  Weinberg  and  Salam,  ntS  ) have  been  developed- 
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These  models  are  based  on  gauge  theories  unlQ’ing  the  weak  and  electro- 
magnetic interactions  (fibers  and  Lee,  1973;  Lee,  1973;  Bernstein,  1974; 
Weinberg,  1974;  Beg  and  Sirlin,  1974).  These  gauge  theories  imply  that 
the  weak  interaction  operates  through  a neutral-  current  in  addition  to 
the  previously  known  charged  current.  Phenomena  induced  by  neutral  currents 
occur  mostly  in  high-energy  physics,  but  they  can  be  found  in  atomic  physics 
as  well  (Bouchiat  and  Bouchiat,  1974).  Nevertheless,  for  the  purposes  of 
the  present  paper,  the  Hamiltonian  of  Eg.  (2-1)  is  sufficient  and  we  shall 
deal  only  with  this  form  of  the  weak- interaction,  theory. 

In  nuclear  6 decay,  we  must  consider  the  three  processes 

(Z,a)  ->  (Z+1,A)  -h  e + V (3  decay) 

e 

(Z,fi)  ->  (Z-1,A)  -f  e"*"  V (3^  decay) 

e 

(Z,fi)  + e ->■  (Z-l,fi)  + (electron  capture)  - ' 

Here,  (Z,fi)  signifies  an  atomic  nucleus  of  mass  number  A and  atomic 
number  Z,  e denotes  an  electron  and  e , a positron,  is  the  neutrino, 

and  V , the  antineutrino. 

e 

In  order  to  discuss  the  general  features  of  these  weak-interaction 
processes  and  their  interrelations,  we  first  consider  the  decay  of  a 
single  neutron  or  proton,  assuming  that  the  individual  nucleons  in  the 
nucleus  are  independent  of  one  another  and  behave  like  free  particles. 

In  the  case  of  nuclear  3 decay,  we  need  only  the  electron  part 
of  the  lepton  current,  which  can  be  e;^ressed  as 


where  ip  and  p 
V e 

e 


L (x)  = (x)y  (1+Y5)'P^{x),  (2-3) 

2 3 

are  the  field  operators  cind  y the  Dirac  matrices. 

A 
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The  nUcleonSf  unlike  the  leptons,  interact  strongly  as  well* 
This  leads  to  complications^  and  consequently  it  is  not  possi- 
ble to  express  the  hadron  current  so  simply  in  terms  of  field 
operators  (Marshak  al, , 1969;  Blin-Stoyle,  1973)* 

Ifi  however,  we  approximately  treat  the  nucleons  as  point  parti- 
cles, neglecting  the  influence  of  the  strong  interaction,  then 
the  hadron  ctirrent  is 


J^(x)  = 


(2-4) 


where  \ = -C^/C^  = 1-251*0.009  (Kropf  and  Paul,  1974).  The 
Hamiltonian  density  then  has  the  form 

Hp(x)  = 6p2”^'^^{iirp(x)Y^(l+XY^)iiij^(x)i{)g(x)rj^(l+r^)i|»^  (x)  + h-c.  } 

(2-5> 

The  corresponding  transition  matrix  elements  for  the  three  basic 
processes  in  nuclear  p decay  are 


n ->  p + e + 

^e 

Mp_ 

* <P^“vg|  jHp(x)d'^xjn) 

( 2“6a) 

+ 

p n + e + 

'’e 

*^p+ 

(2-6b) 

p + e a + 

(2-6c) 

With  Hp(x)  according  to  Eq.  (2-5),  the  transition  matrix  elements 
become 


M, 


r = ®p2“^^^^2n)‘'6(q^+q^-+q_-q^)CUpY^(l+XY5)u^]Cuj^(l+Y5)v^], 

(2-7a) 
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%+  = '5p2‘^'^^(2it)^5(q^-q^^-Ki^^-qp)Cu^Y^(l+XY5)UpJCu^Y^(l+T5)v^:i 

(2-7b) 

”eC  ='Sp2‘^'^^(2n)^6(q^+q  -q  -q^)Cuj^(l+\Y5)u  Ku^y^Cl+y^)u^]  . 

. (2-7c) 

The  q>s  are  the  four-momenta  of  the  particles  indicated  hythe 
subscripts, - and  6(q)  is  the  Dirac  delta  function. 

Equations  ('2-7)  hare  been  derived-  for  the  decay  of  a single, 
point-like  nucleon.  To  consider  the  decay  of  a nucleon  in  a 
complex  nucleus,  we  transform  the  wave  function  used  in  Eqs.  (2-7) 
from  momentum  space  to  configuration  space.  - For-  this  purpose, 
the  5-dimensipnal  momentum-dependent  part  of  the  delta  function 
is  replaced  by 

5(p)- = (2ti)  ?|e (2-8) 

(Blin-Stoyle,  1973)*  We  introduce  the  nlane-wave  solutinTiR  of 
the  Dirac,  equation  for  the  particles, 

’^a®  ^ ’ (2-9a)_ 

.and  for  the  antiparticles, 

,(j>j,(-Pjj»r)  = = ~Y2^a^Pai?)  = \e  ^ -.  (2-9b) 

Here,  a.  and  b denote  particles  and  antiparticles,  respectively, 
and  C is  the  charge  conjugation  operator.  We  find 

B e 


(2-lOa) 
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X <fp(Ppi?)^^  (p^  ,r)T^(l+T^)(|,^+(-p^+,r)d^r;  (2-lOb) 

6 © 

»E<!  = «p2"^^2.‘«V\-VVj 

X <j>p(Pp«r)f^  (p^  ,r)Tp(l+Y5)'J>^-(Pg,r)d^r.  (2-lOc) 

Inside  tlie  nucleus,  we  replace  the  nucleon  plane  waves  hy  bound 

spinor  wave  functions,  and  represent  electrons  or  positrons  by 

wave  functions  which  are  solutions  of  the  Dirac  equation  for  an 

4 

extended  charged  nucleus  surrounded  by  atomic  electrons.  Fur- 
thermore, it  is  convenient  to  split  off  the  delta  function  and 
the  factor  271  by  writing  = 27t6(E^-Ep^f  jH^ji^. 

The  hadron  parts  of  Eqs,  ( 2-lOa-c)  can  now  be  expanded  into 
multipoles  (Schopper,  1966;  Konopinski,  1966;  Douches  and  De- 
pommier,  i960;  Weidenmtlller,  1961): 

Here,  i and  f denote  initial  and  final  states,  and 

^LLO  ~ (2-12a) 

and 

(2-12b) 

5 

are  the  multipole  operators. 
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The  expansion  coefficients  derived  from  the 


relation 


(2-13) 


Inserting  Eqs»  ■(  2*-ll)  and  (2-13)  ia  Eqs.  (2— 10a— c),  we  find  for  the 


matrix'  elements 


[1*^' 


j r^dr; 


(2-l4a) 


xjj  <^C,Ki^T5)T^*.-(z)aa^,ptp*,  (2-i<to! 

Heret  q denotes  the,  momentum  for  neutrino  or  antineutrin6»  and 

4,  ±(+Z)  is  the  election  or  positron  wave  function  in  the  Coulomb 
® . 

field  of  a nucleus  of  atomic  number  Z.  ■ 

We  expand'  the  electron  (positron)  and  neutrino  '( antineutrino) 
continuum  wave  functions  in  partial  spherical  waves  (Konopinski, 
1966;  Schtilke/ 1%4;  Weidenmailer»  l96l) : 


K 

(|)^.(z)  = 5Z! n 


K U e e e 
e e 


(2-15a) 
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t 

Ip  (q)  = / b d)  (q)i 

V * f K V-  K 

e K p.  V V V 

V V 


(2-15b) 


* ^ a(K^)+i^e  ~K 

<PA-Z)  = -r^P^Jz')  = a!  (-z>»  (2-i5c) 


K p. 

e e 


< P 

e e e 


4^  (-q)  = (q)  = 


j(K  ,)+P'U  -V-. 


K U 
V V 


b*  i '*(-q)< 

K 11  ^ 

V V V 


(2-15d) 


The  spherical  waves  <j>^  here  have  the  form 


f(Z)  = 


("Csign  K)f^(Z,r)x|^^ 

S (Z,r>x^J 

fc*»  v«  ✓ 


where  we  have 


(2-16) 


(2-17) 


the  X***  (ni!=±i)  are  two-component  Pauli  spinors,  the  C(5!^j;p-mra) 
are  Clebsch-Gordan  coefficients,  and  the  are  spherical  har- 
monics. The  index  k is 


■a  = ^ ^ 


(2-18) 


-(  Z+1) , j = Jl  + i 


and  g^(Z,r)  and  f^(Z,r)  are  the  large  and  small  radial  wave 
functions,  respectively* 

The  antiparticle  (positron)  wave  function  is  (Rose,  1961) 

f'g^(-Z,r)x'^ 


^(-Z)  = 


(-sign  K)f^(-Z,r)x’^ 


(2-19) 
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The  neutrino  radial  wave  functions  can  be  written  explicitly: 

r 2-^cir)xl^ 

4>J(q)='  (2-20) 

i . 

where  A-Jl=sign  k,  and  j^.Cqr)  is  the  spherical  Bessel  function. 

For  the.  antineutrino  we  have 

' a\Cqr)x^ 

' ^<-q)  = C2-21) 

The  exjjansion  coefficients  a-  and  b in  Eqs.  (2-15)  are  deter- 

mined  ‘by  the  condition  that  the  continuum  wave  functions  ij)  ^(  Z) 

‘ © 

and  (q)  become  asymptotically  equal  to  a plane,  wave  plus  in-' 
e.  ■ 

coming  (or  outgoing)  spherical  waves  (Schillkei  1964,;  Weiden- 
mflller,  1%1) : 


„ (P»s  ) = 4mp  C(jl-ij  ;p-  -s  s ) 
K li  ^ e ■ e2.e  e e e 

e'^e 

• ■ ...  -iCA  +(7t/2)(A  +1)] 

*p.  “S  -K  ,e 

X ® ®(^)e  ® 


5 „ (q,s  ) = 4TcC(£.ij  ili  -s  s )Y 

K p V v2‘^v  -u  - V V I 

V -V 


*P  -s. 

• V .V/. 


Here,  .A^'  is  the  Coulomb  phase  (BHhring,  1965-,  -1967)  • 

- - . It  is  useful,  furthermore,  to  Introduce  reduced  hadron  and 


lepton  matrix  -elements  by  applying  the  Wigner-Eckart  theorem. 
From  Eqs.  (2-l4a-c)  and  (2-15a-c)  we  find 
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-1/2 


(-1) 


KLbM  k V' 
e e 

K Ti 
V V 


K+M+j  +'}i 
X (>1)  M 


J,  K J. 


-Mf  » \j 


->i  -M  -u 

. e 


a , b 

V 


J<tpl|(itXr5)Tn,,|| 


<^vh>= 


J~-M  +j  -V 

f 1 ''v  V 


K+Mt.n  +u 

X (>1)  ® ® 


KLsM  K 

e e 

K ji 
V V 


J,  K 


-M^  M M. 

f X 


-Ti  -M  r^X 
V e 


<*r  \ (-2)V‘Jri 

V * B 


KLsM  K 'll 

V V 


X (-1) 


K+M 


J.  K J. 

f X 


M 


j K i 

V '^x 


-11  -M  u 
V *^x 


K T1 
V V 


tp), 

-<V  (1)  l|(l*r5)T^||  (Z)}Ar. 


(2-2ka) 


(2-24b) 


(2-24c) 
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Here,  x (=K,  , L*,  L,,  denotes  the  different  shells 

L d ^ L 

and  suhshells  of  the  atomic  cloud  from  which  the  electron  can  be 
captured.  The  states  of  the  initial  neutron  or  proton  are  speci- 
fied by  I » and  those  of  the  final  nucleon,  by  j * 

The  similarity  of  Eqs.  (2-24a),  (2-24b),  and  (2-24c)  suggests 
that  we  need  to  derive  the  final  formulae  of  the  observables 
for  only  one  type  of  decay  (P",  or  EC)  and  can  hence  obtain 
.results  for  the  other  decay  modes.  For  this  purpose,  we  trans- 
form -Eqs.  (2-24b,c)  into  a form  that  is  similar  to  that  of  Eq.. 
(■2-24a),  by  interchanging  initial  and  final  states  in  the  reduced 
lepton  matrix  elements.  Taking  into  account  the  relation  (Weiden- 
mUller,  1961) 

<^f  jj(l+Y^)Tj^^|j  i^  = (-1)  i ll  (2-25) 

and  the  fact  that  here  the  reduced  matrix  elements  are  defined  as' 
real  quantities,  we  obtain 


2k 


<'|»Eok>- 


KLsM-  K IX 
V V 


r ^ 

K-s+M+t  +1X  +1 

1) 

Jf  K J. 

3 K i 

M H. 

u -M  -u 

L ^ "J 

lx  ^ 

X<*^  (Z)||(ltr5Vj|*«  (,)>Ar.  (2-26b) 

X V 

The  transition  probability  per  unit  time  can  nov/  be  found  from 
standard  quantum-mechanical  formulae.  By  applying  first-order 
time-dependent  perturbation  theory  (the  *'Golden  Rule*’),  the  de- 
cay constant  X and  the  half  life  t are  given  by 


\„+  = (Jln2)(t„f)"^/^  = 2n(2J.+l)"^^ 

P P ^ U V!  ^ ^ 


p^q^dp  dG^  dS^  (2it)”^ 


for  p±-decay,  and  by 


X = (An2)(t  = 2ji(2J. 

XX  X 


i: 


M. , M - V-  > S 
X f X V 


q^^  dQy  (2x)'’^ 


(2-27) 


(2-28) 


for  electron  capture  from  the  atomic  x-shell-  By  inserting  the 
matrix  element  given  by  Eq,  (2-24a)  in  Eq.  (2-2?)  and  making  use  of 
the  orthogonality  relations  for  Clebsch-Gordan  coefficients  and 
33"symbols,  we  find 


25 


^<^pll^^-^V'^KLslWn>  \ 

(2)  ||(1+Y5)Tj^^3||^^  (-q))r^drj  d^dp.  (2-29) 

Similarly,  by  combining  Eqs*  (2-^a)  and  (2-27),  we  have 


. ^B+  “ 


-(2it)'^(2J.+l)**^f|XSl  ■(2K+l)"^'^^(4m) 


C4r)V2^^^  (_2)  jj.Cl+T5)^Eg2,s  ll^K  (q)^r^dri  q^dp- 


(2-30) 


The  electron-capture  decay  constant  is  found  by  inserting 
Eq.  (2-26b)  in  Eq.  .(2-28): 


\ '=  g/(2ii)."^(2J,+1)'\i/2)2L 

^ ~P'.  ’ ^ K ic  i“S, 

V '^- 

■ X (4b)^'^^^^  1K^‘*‘^^5^'^KLs11'*’  p)" 


(-r)®(2K+l)‘ 


X ^2).,11(1+Y5)5?kLsH>^  (q)>r^drL  (2-31) 


The  neutrino  momentum  i®  by  . 

q_  = W + W>  , 

^ o X ’ 


(2-32) 


where  is  the  total  transition  energy  between  initial  and.  final 

states  (the  difference  between  the  atomic  masses,  minus  see  Sec 

and'W  denotes  the  energy  of  the  bound  electron  (in  the  daughter 

atom)*  This  is  W'=l- |E» [,  where  E>  is  the  binding  energy  of 

the  electron.  Because  the  electron  and  neutrino  wave  functions 
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;®'i^e-wellr^pym  ’C’^s- •('2-i6')'-'(2-2l)],  -we  ca'n 'evaluate  the  deduced 
j^leptqn 'ifiatri-x 'eienieiit.s,  explicitly  (Sch'flllke,  1964;  Wexde'nnittllef, 
'For>%he'>t"h'fee  \'kxnds  of  teduc.ed  ileptoh.  'matrix  'eTements 
; appearing  ' Fqs  - ; f 2~  29  J , , (■2‘r^O) , and  ' ( 2-31 ) , -.we  have 

C-q)>=  S„ 

-•^e  ‘ V e ‘A) 


•V 


*fpr  'the  .etedtroh“heutr,in6  ;,matp£x  iSiemeht, 

•e  -V 

e y ‘ y 

+ piign 

''le  ' y ' ' ■ 

ifpr  it'he  plecitr'p^ant-in^^^  fmatrix  'elle'ra&^t,  tand 

, a»r5?"iical1  %,'Cq)-> 

e * 'y  ' ' V 

' :i 

- W^^e’V  ■" 


'('2-33) 


=C2-34-) 


(2-35) 


•for  the  pqhi^rpft^heutrino  'rbatrix  element.  The  quantity  ®Ki,g(^f’“l) 
introduced  by  Wei'diniaHilef  '(196l);  Fepresents  ike' spln-angulaF 
part  pf  tHes.e  reduced  leptoh  matrix  elements: 
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GklqC  n^, n^)  = |( 2s+l)(  2K+1) C2a^(n^)+l] [2^( n^)+l] ( 2j ^+1) ( 2 j^+1) 

Z{n  )+Si(n  )+L-  j -j 
X i ^ ^ (-1)-  ^ 

X C^Jl(n^.)i,(n^)L;Oo) 

Here,  we  have  Jl(n)s:ii  tf  nXD  and  £(ii)=jn|-l  if.  n<0,  where  n 
■ stands  for  +k  and  -tc;  C is  a Clebsch-Gordan  coefficient,  and 
the  braces  denote  a Wigner  9j”symbol- 

We^now  consider  the  relation  between  p”  and  P"*"  decay.  It 
is  easily  shown. that  the  following  relations  hold: 

(Z)ll  (w  )Tj^3|l  (-q)>  • 

e . - V 

.(sign  K^)-f^  (Z)[j^  GKLs^"''e’^^  + %‘^KLs^’ ^2-37) 

6 . V ‘ ' V ' 

Thus,  we. see  from  Eq.  (2-35)  that  the  product -of -the  two' reduced 
■matrix  elements  in  (2-30)  -can.be  replaced  as  'follov/s: 

X \\  (l+^V5)TKLs'(|XiK^“'^5)®KLs  \\y 

- X j|  ^KLs1I^^|K^“'^5^^KLs11^"^I|  ^^5^KLs|[^^f(^5^^“^5^^p,s-|l^' 

' . (2-38) 
Consequently,  we  can  derive  the  formulae  for  P'*'  decay  from  those 
for  p”  decay  by  making,  the  following  substitutions: 


K 


s L 


if  2 ^Jif)r- 

1 Ji  I . 


(2-36) 
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P"  dfecay  P"*"  decay 
X ^ -?L 

Z -+•  ~Z 

G ->  -G 


(2-59) 


Herei  G represents  the  terms  which  are'  due  to  parity  hoh-conserv- 
atxon  Ce»g. , electron  polarijsation  dr  p-T  circular  polarization- 
correlation)  . The  relation  hetween  p"*’  decay  and.  electron  cap-- 
ture  is  estahli'shed  by  the  substitutions  Ccf«  %s»  (2-50),  (2-51)-, 
(2-53)',  .(-2-35)^ 


P+  decay 


electron  capture 


C-z) 

e 


e 


(Ztkol 


■'where  (Z)'  ah'd’  (Z)  are  the  large  and'  stijall  cpmpdneiitS' of  . 
the  bound-state  electron  radial  wave  functions’,  respectively- 
Alternatively f we  can  start  from  p"  decay  Ccf.  Eqs.-  (i-29) 
(Zr^3h)  vs.  Eqsi  (2-3lJ'  and  (2-^33)']!’ 


p dechy 


'*■  electron  capture 


• (qr) 


-»•  . (.qr) 

V 


~%(qr) 

V 


<f  !>■*  c.M‘<f  l|a*XT5)fn,,||  i> 


bohtinuum-hlectrdh  bound-electron 

Vave  fuhctibji  wave  function 


(Mia) 
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For  the  decay  probabilities  as  given  in  Eqs.  (2-29)  and  (2-51) » this 
prescription  can  be .replaced  by  one  mentioned  by  Behrens  and. 

JSnecke  (1969): 

P”  decay  - electron  capture 

q ->■  -q  . 

<f  i>-  II  i>.  C2-4ll.> 

In  this  description  of  the  electron-capture  and  p-decay 
processes,  three  important  points  have  not  been  considered: 

1»  . The  hadron  current  in  the  fora  of  Eq.  ( 2-^)  is  an  approx- 
imation which  is  .only  valid  for  bare  nucleons » ' The  exact  form 
,of  this  current  is  discussed  under  the  heading  Induced  Interac- 
in  Sec.  '2.2.3. 

2.  -The .Hamiltoi^an  and  transition  matrix  elements  used 
here  refer  .to  a single-particle  process.  The  description  must 
be  generalized  for  the  case  .of  many  nucleons  in  the  initial  and 
final  states.  This  point  is  discussed  in  Sec.  2.2.3* 

■5.  ’A' complete  description- of  the  initial  and  final  states 
must  include  the  electrons  of  the  atomic  cloud.  - 'Since  the  nu- 
clear charge  and  the  number  of  electrons  are  different  in  the 
initial  and. final  states,  the  atomic-electron  wave  functions  of 
these  two  states  are  not  orthogonal,  and  the  overlap  between 
them  is  not  perfect.  This  leads  to  some  modifications  of  the 
transition' rate  (exchange  and  overlap  corrections)  and  to  higher- 
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o^der  processes  ,(e.g. , autoionization) . These- points  are  dis- 
•pussed  in  Sec's.  2,.§  and 


In  discussing  tradition  matrix  elements  and  transition 
rates  for  the  three  weak  nuclear  decay  modes,  we  have  poiiited 
out  hpw  these  decay  types  we  related#  from  here  on,  we  consider 
electron  capture  only.  We  simplify  Eq.  (2-3l)»  discuss  the  elecr 
tron  and  neutrino  radial  wave  functions. .in  the,,  lepton,  part, 
and  generalize  the  hadron  part  through  methods  of  elementary- 
particle  physics. 

'^e  first  .note  .that  (2-|3)  is  -invariant  under  the  snh- 
stitution  K -tTTtc  and  set  k We  also  introduce  the  ab- 

^ f ^ 

brieyiatioh  (Bflhying,  1963a,  '15639,;  Behrens  and.  Buhgpiag,  1971) 


Vf9e?a  j }?^  j , is  -t^p  Cgulomb  ac^nlltu^e.  (Be^ens  ^d 

.{iSngpke,.  1^9.)  of  the  boundrstate  electron  radial  wbv»  ■'^’’nction 
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(ERWF),  discussed  in  Sec.  2.2.2.  For  < =-l  we  have  P =g  ^(0) 

X X 

equal  to  the  value  of  the  wave  function  g_^(r)  at  r=0. 

For  the  total  capture  probability  from  all  atomic  shells 
we  then  have 

X 

(Behrens  and  JSnecke,  1969;  Bouchez  and  Depommier,  I960;  Brysk 
and  Rose,  1958).  The  sum  in  Eq.  (2-4^3)  extends  over  all  atomic 
subshells  from  which  an  electron  can  be  captured.  For  closed 
shells,  n^  equals  1.  For  partially  filled  shells,  n^  is  equal 
to  the  relative  occupation  number  of  electrons  in  the  shell. 

t 

The  "quantity  corresponds  to  the  shape  factor  of  P decay- 
Taking  into  account  only  the  lowest-order  terms  in  the  summa- 
tion over  K and  k , C has  the  form 

V X 

G = pM^Ck  ,k^^^)+(K  A )ra,(k  ,k^^^)l 
X'L^X  V - xxLx  v •* 

The  classification  of  allowed  and  forbidden  electron- 
capture  transitions  is  similar  to  that  in  p decay  (Schopper, 
1966;  Konopinski,  1966;  Behrens  and  JSnecke,  1969) J 
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AJ=0,1 

allowed 

AJ=0,1 

first  non-unique  forbidden 

AJ=n>l 

th 

n non-unique  forbidden 

AJ=n>l 

7iiHj=(-l)“"^ 

til 

( n— 1)  unique  forbidden 

(2-45) 

Here,  denote  spins  and  parities  of  the 

initial  and  final  nuclear  states,  and  we  have  Hence, 

we  can  write  in  Eq,  (2-44) 


< 

II 

for 

AJ  > 0 

L =r  1 

for 

> 

II 

0 

L-k  +1 

V 

X 

II 

C\J 

L-k  +2. 

y 

X 

The  quantities  and  are  related  hy  Eq.  (2-l8)  to  the  total 
angular  momentum  3^  and  the  orbital  angular  momentum  of  the 
bound  electron.  Similarly,  k and  k , determine  i and  I of 
the  continuum  wave  function  of  the  emitted  neutrino. 

The  values  <?f  for  bound  electrons  are  as  follows: 


K 

(Is) 

II 

1 

H 

(2s) 

H 

i 

II 

^2 

(SEi/,) 

^3 

CM' 

1 

II 

(3s) 

= -1 

«2 

(jpi/j) 

■'x  = 

^3 

CSPj/j) 

S = "2 

= +2 

"5 

(3V2> 

■'x  = 

(2-47) 


nSfO/Al  p. 
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The  function  in  Eq.  (2-^5),  which  corresponds  to  the  inte- 
grated Fermi  function  of  p decay,  has  the  form 

The  factor  takes  account  of  the  effects  of  electron  exchange 
and  overlap;  it  is  discussed  in  Sec.  2.5* 


.2* 2. 2.  Bound-State  Electron  Radial  Wave  Functions 

The  electron  radial  wave  functions  and  Sj,(r)  are  a 

solution  of  the  Dirac  radial  differential  equation  or  of  the 
equivalent  integral  equation  (Rose,  1961;  Behrens  and  Bifliring, 
1971) ♦ It  is  convenient  to  consider  instead  the  functions 
Hj^(r),  hj^(r),  and  introduced  by  Btthring  (1963a); 


k'-l 


^ C(2k^-i) 


k -1  . 

®k  ” ^x^^x^^  * C(2k^-1)  1 J]'’'^(r/R)CDj^ 

X . X X > 


K >0 
X 


(2-49a) 

(2-49b) 


f . (r)  = -P  (p  r)  ^ C(2k  -1)  J Cd  (r)-d  (r)3 


X 


X X 


[r;  “^k 


k -1 


s.k  (r)  = P^(p^r)  ^ [(2k  -1)1!]"HHj^  (r)-h  (r)  ]| 

X " X X 


K <0 
X 


(2-49c) 


( 2-49d) 


Here,  H is  the  nuclear  radius,  or  equivalent  radius  of  a uni- 
formly charged  nucleus# 

The  first  of  two  aspects  of  the  electron  radial  wave  func- 
tions that  require  more  detailed  consideration  is  the  behavior 
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of  these  functions  inside  the  nucleus:  the  dependence  of  the 

electron  and  neutrino  radial  wave  functions  on  the  distance  r 
from  the  center  of  the  nucleus  must  be  subsumed  into  the  nuclear 
matrix  elements  Ccf.  Eq.  (2-42)].  The  r-dependence  of  the  elec- 
tron radial  wave  functions  inside  the  nucleus  depends  essentially 
on  the  form  of  the  nuclear  charge  distribution- 

Secondly,  the  Coulomb  amplitudes  must  be  considered; 
they  can  only  be  calculated  numerically  by  solving  the  Dirac 
equation  for  an  extended  nucleus  and  for  a self-consistent  atom?" 
ic  potential.  The  value  of  is  essentially  determined  by  the 
shape  of  the  charge  distribution  of  the  surrounding  atomic  elec- 
trons. 


In  many  of  the  earlier  papers  on  p deoay  and  electron  cap- 
ture, the  ..expansion  of  the  functions  H^(r),  Dj^(.r) , -hj^C-r),  and 
d^(r)  in  powers  of  r is  carried  out  (Behrens  and  Bflhring,  1970): 


00 

\(r)  (k)(r/R)'^5 

n?=0 


(2-50) 


the  different  powers  of  r are  then  incorporated  into  the  defini- 
tion of  the  nuclear  matrix  elements  (Behrens  and  janecke,  1969; 
BUhring,  1963a,  b).  The  nuclear  charge  distribution  has  been  ap- 
proximated throughout  by  a uniformly  charged  sphere  of  radius  R, 
equal  to  the  -nuclear  radius.  Because  this  charge  distribution  is 
discontinuous  at  R,  the  power-series  expansion  of  the  electron 
radial  wave  functions  is  only  valid  inside  the  nucleus-  Usable 
P-decay  and  electron-capture  formulae  have  been  derived  by  trun- 
cating this  series  and  extrapolating  the  resulting  polynomials 
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outside  the  nuclear  radius  (Behrens  and  JSnecke*  1969;  Buhring, 
1963a)-  However,  this  approach  is  unsatisfactory:  contrary  to 

general  belief,  a significant  contribution  (or  even  the  main  con- 
tribution) to  the  nuclear  matrix  elements  originates  from  the 
region  r>B,  particularly  if  the  Initial  and  final  nucleons  are 
in  different  shells  (Behre.ns  and  Btihring,  1971;  de  Eaedt,  1968). 

It  might  be  expected  that  this  difficulty  could  be  avoided 
by  using  a more  realistic,  smooth  nuclear  charge  distribution, 
such  as  a modified  Gaussian  or  a Fermi  distribution-  However, 
for  such  distributions  the  p-decay  and  electron-capture  formulae 
do  not  converge  at  all  (Behrens  and'  Bilhring,  1970,  19?l) , because 
the  nuclear  matrix  elements  are  introduced  by  integrating  a power 
series  tem  by  term,  a dubious  procedure  if  the  upper  limit  of 
the  integral  is  infinity.  Only  if  the  potential  V(r)  vanishes 
identically,  as  for  the  neutrino,  is  this  procedure  justified. 
Thus,  the  neutrino  radial  wave  functions  (spherical  Bessel  func- 
tions) can  be  expanded  in  pow.ers  of  r.  The  electron  radial  wave 
functions,  on  the  other  hand,  can  be  expanded  in  powers  of  the 
mass  and  energy  parameters  of  the  electron  and  the  nuclear  charge- 
The  coefficients  in  this  expansion  still  are  functions  of  r and 
depend  on  the  shape  of  the  charge  distribution-  We  find  (Behrens 
and  BUhring,  1971) 


Hfc(r) 

X 


2y^ 

,p 


X l(k^,2v,p;r)(m^R)^'’^'’(W^R)^'^P(aZ) 


( 2-51a) 
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<”  u 2u-l 


(2k  -1)!J 


“(:)r"){tf 


■X  I(k  ,2Ti,2v-l,p;r)(m 

X g X 


(2-51b) 


m U 2V-fl 

V''  'S  S ^ (3i)ll(2j^2k^®  !■  ‘■“'’(v)(%*’^)(f) 


(2k.-l)!l 

, -J  ^-7?  '^-T*  ( Pii)  : 

-p,'=0  v=0  p= 

I(k^,  2ti+l,  2v+X,  p ;r)(ni^R)  ^"^^(W^R)^'’^^"^(aZ) 


(2-51c) 


P ^ 


v-‘-SSS.«.'5gj^--->-(:)(f)8 


X I(k  , 2)1+1, 2v,p;r)(m  R) 

X & 


2}i+l-2v^y  R)^^P(aZ)^. 


(2-51d) 


The'symbol  bas  been  retained  in  these  equations j even  though 
we'  use  natural  xuiits  li=c=:in  =1,  because  m will  be  used  as  an 
expansion  parameter.  The  expansion  coefficients  I(k^,mih, p;r) 
depend  oh  the  form  of  the  nuclear  charge  distribution  and  on 
the  parameters  "k^i  m,  n,  and  p*  The  order,  tn' is  the  spm  of  the 
exponents  of  (m  R),  (WR)jand  aZ;  the  number. n is  the  sum  of  the 
exponents  of  (WR)  and.(aZ)'.  • The  functions  I vdth  p=0  are  trivial! 


i(k^,m,n,0}r)  S !• 


(2-52) 


The  functions  I with  p>0,  up  to  order  m=3,  are  listed  in  Appen- 
dix A2-2  (Behrens  and  Btihring,  197D-  ^pr  aZ=0,  Bqs.  (2-51)  re- 
duce to  the  usual  expansion  in  powers  of  r (Btihring,  1963a). 

Up  to  and  including  te:ms  of  order  u=0.  the  functions 


■ X 
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(r)  = 1 + ...  (2-53a) 

X 


(r)  = 0 + ... 

(2-53b) 

X 

W E aZ 

\ 2k  ^-1 

X XX 

(2-53c) 

ra  R 

X X 

(2-53d) 

As  usual,  a is  the  fine-structure  constant,  and  Z is  the  atomic 
number  of  the  parent  nucleus. 

The  important  function  I(k^,l,l,l;r),  which  gives  the  large 
Coulomb  terms  in  non-unique  forbidden  transitions,  takes  the  fol- 
lowing forms  for  the  three  most  widely  used  charge  distributions 
(Behrens  and  Bhhring,  1970,  1971) : 

(i)  Tor  a uniform  charge  distribution 

{-JaZ/E,  0<r<R 

( 2-54) 

0,  E<r<® 

we  have  (Behrens  and  Blthring,  1971) 


I(k^,l,l,l;r)  = 


1 - 

2 


2k^+l 

2(2k^+3) 


0<rSR 


2k  +1  z r.  2fc  +1 

X R 2 X 

2k  r 2k  (2k  +3)  ’ 


R<r» 


(2-55) 


(ii)  In  a shell-model  or  modified  Gaussian  distribution 
(Behrens  and  Btlhring,  1970) 


P(r) 


1 


(2-56a) 
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where 


N = - 


(2+3A)a^\/7T 


(2~56b) 


the  equivalent  uniform  radius  R'  is  related  to  the  parameters  a 


and  A as 


■R  = aC5(2+5A)/2(2+3A-)il^'^^; 


for  this  distribution,  we  have 


2k  +1  f 2k  A (2k  -1)  !! 

lCk^,l,l,l;r)  = -^|.erf(y)-(l.^) 

XL  X X 

2 y 

. ■ 

r 2^^  -m  2m+l  1 

^ Sfer]  ■ 

where  erf(y)  is  the  error  function, 

2 

erf(y)  = 2ju"^/^  e”*  dt,  y ==  p| 


p a [5(2+5A)/2(2+3A)]^"^^, 


(iii)  ■ For  a Fermi  distribution  (Behrens  and  BShring,  197©^ 


p(r)  = -3aZc“5NCl+6^'^"‘^^^^]"^, 


N = Cl+Ji^(b/c)^T6w_(b,c;0)D 
2 

the  equivalent  uiuform  radius  E is 


R s c 


3o^+107r^c\  ^+7u^cb^-  36  0 b^  w^(  b , c ; 0) 
^ ■> 

3c^+3TC^c\^-l8c^\'j(b , c 5 0) 
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Tbe  function  I(k^,l,l»l5r)  takes  the  form 

* 

2k  +1 

lCk,.l,l.lir)  = If 


^5“  3 2k^+3  'c' 


- 2(2k^+l)^p2^b,c;r)-^  w^(t,c;0)j 


2k  -1 

+ 2(2k  +l)(2h  +2)(|)^^('1)"‘ 

^ ^ ^ rtteO 


(2k  -1)  I ^ _ 
(2k  -l-m)l  ^7^ 


where  the  functions  w are  defined  as 
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w (b,c;r) 
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m=l 

X|J  • 


« ^ ^ m=l 


(Schucan,  1965)*  Here,  stands  for 


(n) 


= (-1) 


(2m)  :(n.-2m) ! 2m 


where  the  are  Bernoulli  numbers: 
can 

Bq  = 1,  B^  = Bg  = 


At  r=c,  is  given  by 


w (b,c;c)  = '(-)"^^(-l)“m'’^  = c|)‘^(2^~“-l) C(n), 


m=l 


where  c(n)  is  the  Bieman  zeta  function. 


(2-61) 


r>c 

(2-62) 


(2-63) 
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The  functions  I(k.,  1,1,1)  CEqs  (2-55),  (2~58),  and  (?-6l)^ 

X 

have  been  derived  ne/^lectin,9;  the  small  influence  of  the  atomic 
electron  cloud  on  the  r-dependence  of  the  electron  radial  vjave 
functions  inside  the  nucleus.  These  functions  are  illustrated 
in  Fig,  2vl- 

We  consider  next  the  Coulomb  amplitudes  3 of  the  bound 

X 

atomic  electrons.  These  quantities  can  be  calculated  by  inte- 
grating the  Dirac  equation  in  the  potential  of  the  nuclear  and 

6 

atomic  charge  distributions.  The  value  of  6^  is  essentially 
determined  by  the  potential  outside  the  nucleus,  i,e,,  by  the 
electronic  screening  of  the  nuclear  electrostatic  field.  The 
finite  nuclear  size  and  the  shape  of  the  nuclear  charge  dis- 
tribution have  less  influence  on  The  potential  produced  by 

the  nuclear  charge  and  the  atomic  electron  cloud  can  be  derived 
-approximately  from  statistical  models  (Gombas,  19(>7),  bv 

solving  the  Thomas-Fermi  or  the  Thomas~Fsr,j!i~Dirac  equations - 
A more  exact  form  of  the  potential  can  be  derived  through  self- 
consistent  Hartree-Fock  methods  (Hartree,  195"?;  Slater,  I960; 

Grant,  1967;  Grant,  1970;  Lindgren  and 
Both  methods  of  finding  the  extranuclear  potential  can 
only  be  carried  out  numerically  and,  have  been  pursued  by  many 
investigators.  The  Thomas-Fermi  and  Thomas-Fermi-Dirac  equa- 
tions have  been  solved  for  potentials  and  eigenvalues,  for  exam- 
ple, by  Gombas  (l956),  Thomas  (195^),  Latter  (1955),  Shalitin  (1965, 
1967),  and  Yonei  (1966,  1967)*  The  self-consistent  field  methods 
offer  the  best  possibility  for  obtaining  good  atomic  electron  wave 
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functions,  but  require  extensive  numerical  calculations  (Hartree, 

1957;  Slater,  i960;  Mayers,  1972;  Burke  and  Grant,  1967;  Grant, 
Lindgren  and  Ros^n,  1974) , 

1970;  In  a simplification  first  introduced  by  Slater  (I960, 

Vol«  2) , tbe  exact  exchange  potential  is  approximated  by  the 
exchange  potential  of  an  electron  gas  with  local  electron  den- 
sity p(r),  i.e., 

V (r)  = a (2-64) 

This  Slater  exchange  potential  tends  to  zero  as  the  radius  be- 
comes large,  while  the  exact  potential  tends  to  a,/r-  To  correct 
this  discrepancy.  Latter  (1955)  has  suggested  replacing  the 
Slater  term  in  the  region  of  large  radius  by  a/r-  Statistical 
exchange  potentials  have  been  discussed  extensively  by  Gombas 
(1967)* 

Herman  and, Skillman  (1963)  have  tabulated  nonrelativistic 
Hartree-Fock-Slater  potentials  and  wave  functions  for  elements 
with  Z=2  to  105,  including  the  Latter  tail  correction.  Exten- 
sive nonrelativistic  calculations  vdth  the  exact  Hartree-Fock 
form  of  the  exchange  potential  have  been  performed- by  Fro ese -Fischer 
(19735)  and  Mann  (196  7,  1968).  Approximate  analytic  nonrelativistic 
Hartree-Fock  wave  functions  have  been  derived  by  Watson  and  Free- 
man (196la,b)i  Malli  (1966),  and  Eoet-ti  and  Clementi  (1974). 

Because  relativistic  effects  in-atomic  structure  are  re- 
markably important,  even  for  light  elements,  a nximber  of  rela- 
tivistic self-consistent-field  calculations  (mostly  Hartree-Fock- 
Slater)  have  been  carried  out  (Liberman  et  » 1965, 


Nestor  et  al.,  1966?  Tucker  et  al» . 1969) ♦ Most  comprehensive 

is  the  work  of  Lu  et  al.  (19.71),  who  have  published  tables  of 

-1-5  2 4 

energies  and  of  expectation  values  of  r,  r , r , r , and  r 
for  each  orbital,  of  the  total  energy,  and  of  the  potential  func- 
tion- They  have  included  the  effect  of  finite  nuclear  size,  us- 
ing a Fermi  charge  distribution. 

The  possibility  of  making  better  approximations  than  Slater's 

Kohn  and  Sham  (1965) » 

for  the  exchange  potential  has  been  discussed  b^Rosen  and  Lind- 
gren  (1968)^  and  Lindgren  and  Schwarz  (1971)  • 

The  most  sophisticated  method  of  calculating  atomic  wave 
functions  involves  the  use  of  relativistic  Hartree-Fock  codes; 
here  the  exchange  terra  is  included  without  approximation  (see 
e.g.  Mann  and  Waber,  1973?  Desclaux,  1973)  •> 

Unfortunately,  in  most  published  atomic-structure  calcula- 
tions no  explicit  values  are  given  for  the  Coulomb  amplitudes  or 
electron  wave  functions  at  the  nuclear  radius-  For  applications 
to  electron  capture,  special  calculations  have  therefore  been  car- 
ried out;  these  are  listed  in  Table  2-.1.  For  comparison  among  the 
various  calculations,  the  most  important  electron  radial  wave- 
function  ratios  are  listed  in  Tables  2- 2-2. 8.  For  s electrons, 
the  nonrelativistic  ratios  for  a point  nucleus  are  included  in 
the  comparison.  For  ou  the  other  hand,  it  is 

meaningless  to  compare  nonrelativistic  wave  functions  in  the 
field  of  a point  nucleus  (proportional  to  ar  at  small  r)  with 
relativistic  electron  wave  functions  in  the  field  of  a finite 
nucleus  [proportional  to  b(l+cr  . .)3 ♦ We  also  do  not  compare 
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absolute  values  of  electron  wave  functions,  nor  do  we  list  otber 
ratios  than  those  contained  in  Tables  2. 2-2.8,  because  the  mag- 
nitudes of  the  nuclear  radius  K chosen  by  different  authors  are 
not  the  same,  and  moreover,  some  authors  report  g (E)  and  f (H), 

K K 

.-while  others  instead  report  the  amplitudes 

We  can  draw  the  following  conclusions  from  Tables  2- 2-2.8; 

(1)  For  the  s-electron  ratios  (Tables  2- 2-2- 5) » there  is 
excellent  agreement  between  the  nonrelativistic  Hartree-Fock 

calculations  of  Froese-Fischer  (1972b)  and  V/inter  (1968) 
and  the  relativistic  Hartree-Fock  calculations  of  Mann  and 

2 2 

Waber  (1973)  • An  exception  is  the  /g^  ratio.  However,  here 

1 1 

relativistic  effects  might  play  some  role  because  of  the  high 
atomic  numbers  ( Z>70) . 

(2)  Relativistic  effects  become  notable  in  g?  /g£  for  Z>15, 

^1  ^ 


2 2 

^ Sm 2>30,  and  in  /g^  and  g^  /g^  for  Z>60,  For 
2 1 1 1^11 
®L  '^®K’  ^relativistic  and  nonrelativistic  ratios  differ  by  '^0% 

for  very  heavy  nuclei.  For  all  other  ratios,  relativistic  effects 

are  small  (<2%  for  the  g^  /gf  and  g|  /g^  , <8^  for  the  /g^  ) . 

• 1 1 “l  "l  ^1  ”l 

(3)  The  electron  radial  wave— function  ratios  from  Hartree- 


2 / 2 


Fock  calculations  lie  systematically  below  those  from  Hartree- 


Fock— Slater  and  Thomas-Fermi-Dimc  calculatioais,  especially  for 
low  atomic  numbers - 

(4)  For -the  K,  L,  and  H ratios,  the  Hartree-Fock-Slater 
calculations  agree  with  the  Thomas-Fermi-Dirac  calculations  to 
v/ithin  2.5^  for  Z>40. 


(5)  The  /g^  ratios' of  Brysk.and  Rose  (1958')  deviate  sys- 
tematically from  all  other  calculations  in  the  range  20<Z<80 
(Table  2»2).‘  Therefore,  these  values  should  be  discarded. 

Of  the  various  methods  discussed  above,  the  self- consistent 
relativistic  Diracr-Hartree-Fock  calculations  of 'alomic  structure 
are  based  on  the  soundest  theoretical  grounds  (Mayers,  1972;  Burke 
and  Grant,  196?).  It  might  -consequently  be  expected  that  the  wave 
functions  of  Mann  and  Water  (1973)  would  be  most  accurate,  and 
should  preferably  be  used  for  analyzing  electron-ca'pture  ex'oeri- 
ments-  ' Table  2.9  contains  a compilation  of  electron  radial 

wave-function  amplitudes  according  to  Mann  and  Water  *(  1975)  ■ 

k -1 

’For  practical -reason,  we  have  listed  the  products  P p instead 

^ X X * 

of  the ■ amplitudes  It  is  always  this  product  v;hich  appears  in 

'the  formulae  for  the'  d%'cay  cdhs'tant  ’liEq'.'  (.2-49'))- 

Betcause  the  electron-capture  rate  is'  essentially  proportional 
-to  the.  electron-  density  at  the  nucleus,  different  chemical  en- 
vironments or  other  macroscopic  perturbations  (pressure,  temper- 
ature, etc.)  can  affect  the  decay  constant.  'Such  effects  are 
■most  noticeable. in  capture  from  outer  electron  shells  (Emery,  1972 
Crasemann,  1973)* 

2.2.3«  Nuclear  Form  Factors  and  Nuclear  Matrix  Elements 

Form  factors  and  form'  factor  coefficients.  The  electron- 
capture  transition  matrix  elements  EEq.  (2-4))  were  formulated  in 
Sec.  2.1  -under  the  assumption  that- the  vector  and  axial  vector 
interactions  goverti  the  pr.ocess--  However,  the  hadron  part  of  this 


transition  matrix  element  is  only  an  approximation*  In  the  most 
general  case,  we  must  make  the  substitution 

1+Xt^)  u^^.<f  I i>  ( 2-65) 

in  Eq.  (2-?c),  where  f and  i represent  the  final  and  initial 
nuclear  states,  respectively-  The  vector  and  axial  vector  had- 
ron weak  current  are  denoted  by  V and  A . According  to  Stech 

V'  P* 

and  SchUlke  (1964)  and  Schiilke  (1964).  we  decompose  this  V-A 

nuclear  current  into  form  factors  depending  on  the  square  of 

the  momentum  transfer  (Armstrong  and  Kim,  1972;  Bottino  and 

Holstein,  197^)* 

Ciochetti,  1975.  Donnelly  and  Walecka,  1972.  1975?  We  use  a 
covariant  decomposition,  which  is  strictly  valid  in  the  Breit 
system*  A transformation  in  the  frame  in  which  the  initial  nu- 
cleus is  at  rest  is  easily  performed  because  the  decay  energies 
are  low  compared  with  the  nuclear  rest  masses.  The  correction 
due  to'  this  transformation  is  of  the  order  { k}  /M,  where  1c  is 
the  momentum  of  the  nucleus  and  M is  its  mass.  In  this  approxi- 
mation, the  hadron  matrix  element  depends  only  on  the  momentum 
transfer  q=k^-k^.  It  can  be  expanded  as 

^ r KLsM 

'^KLs^^^  (2L+l)lI  ^KLs^^  (2-66) 

Here,  is  the  irreducible  tensor  defined  by  Eqs-  (2-12); 

/ 

and  denote  the  spins  and  magnetic  quantum  numbers 


(2J^+1) 


1/2 


J,  K J. 


-M  M H. 
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of  the  initial  and  final  nuclear  states,  respectively,  and  R is 
the  nuclear  radius. 

This  treatment  of  the  nuclear  current,  similar  to  methods 
used  in? elementary-particle  physics,  has  the  advantage  of  being 
completely  independent  of  amy  assumption  about  the  detailed  form 
of  the  p-decay  operators.  All  information  about  the  nuclear  cur- 
rent and  all  effects  due  to  the  strong  interaction  (induced  terms, 

exchange  currents,  relativistic  nucleon  motion  inside  the  nucleus, 

2 

etc.)  are  contained  in  the  form  factors );  they  determine 
the  outcome  of  P-decay  and  electron  capture  experiments  and  are 
the  only  quan'tities,  as  far  as  nuclear  structure  is  concerned, 
that  can  be  extracted  from  experimental  data- 

V/e  neglect,  for  the  moment,  the  initial  electromagnetic 
interaction  betv;een  electron  and  nucleus,  i-e.  the  fact  that 

there  is  a bound  electron  in  the  initial  state-  Then  the  form 

2 2 
factors  ) can  be  expanded  in  powers  of  q Lin  analogy 

with  the  expansion  of  spherical  Bessel  functions  (Stech  and 

Schfllke,  1964)]: 


(qR)^ 
2( 2L+3) 


(2-67) 


The  form-factor  coefficients  are  then 


(-1)  (2N+2L-<-l)l 
R^(2L+l)n 


These  forni-factor  coefficients  contain  all  the  information  about 
the  initial  and  final  nuclear  states  and  the  V-A  operator.  Since 
q equals  if  the  initial  nucleus  is  at  rest,  we  have  qE<0.1, 
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whence  the  form  factors  are  slowly  varying  functions  of  q . There- 
fore, only  the  first  one  or  tv;o  terms  v;ill  he  significant. 

In  reality,  however,  we  must  take  into  account  the  fact  that 
there  is  a bound-state  electron  wave  function  in  the  initial  state- 
Hence,  the  momentum  transfer  qj^j  to  the  nucleus  is  if  the 

center  of  mass  of  the  initial  nucleus  and  electron  is  at  rest- 

g 

The  Fourier  transform  of  the  lepton  part  of  Eq.  (2-lOc)  is 


L(qjj)  = e • u^Y^(l+Y3)<t»g-(r)d^r 


(2-69) 


(2-70) 


(Schopper,  1966;  Stech  and  Schiilke,  1964).  Hence,  Eq.  (2-7c)  be- 


comes 


«» 

4. 


(2-71) 


The  hadron  matrix  element  corresponds  to  a transition  from  the 
initial  state  i’  to  the  final  state  f,  vfhereas  the  Fourier  trans— 
form  induces  an  electromagnetic  transition  from  i to 

i * . The  integral  over  q^  corresponds  to  an  integration  over  all 
momenta  of  the  intermediate  initial  states,  because  we  have 
q^-k^-q^.  The  Coulomb  interaction  in  the  initial  state  there- 
fore entails  that  terms  of  the  form 


(2-72) 
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appear  in  electron-capture  formulae  (Schtilke,  136k),  where 
has  four  different  possible  forms  CEq.  (.2-42)1: 


I(q^)  = 


(2L+i)n' 


L' 


Js^Cr).  jiCq^r)  r^dr 

Je^(r) 

Jf^(r)  di<q^r)  j^-Cq'r)  r^dr. 


(2-73) 


By  expanding  the  spherical  Bessel  functions  in  powers  of  r and 
the  electron  radial  wave  functions  Sx(^l  discussed 

in  Sec-  2.2--2i  CEqs.  (2-49)  and  (2— 5l)l»  we  obtain  new  form -fac- 
tor coefficients  (Behrens  and  Bflhring,  1971) 


5^Ls(k,m,n,p)  = 


(2-74) 


where 


J(q)  = # 


2 (qR) 

71  C2L+1')U 


L+2N 


(— ) I(k,m,n,p;r)  jj^(qr)r  dr- 


(2-75) 


ferras  in  which  these  new  form  factors  occur  always  contain  pov/ers 
of  aZ-  Terms  that  are  independent  of  aZ  contain  the  simpler  form- 
factor  coefficients  [Eqs-  (2-67)  and  (2-68)3. 


Relation  between  .form-factor  coefficients  .and  nuclear  matrix 
elements.  The  form  factors  or  form-factor  coefficients  can  only 
be  expressed  in  terms  of  nuclear  matrix  elements,  in  general,  if 
some  approximations  are  made.  First,  it  is  assumed  that  the 
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nucleons  inside  the  nucleus  interact  with  leptons  in  the  same  way 
as  free  nucleons  do  (impulse-approximation  treatment).  Meson  ex- 
change (Blin-Stoyle,  1973;  Lock  ^ 3j,<i  , 1974)  and 

other  raany-body  effects  are  hence  neglected. 

The  p-decay  Hamiltonian  must  be  used  with  various  many-body 
nuclear  wave  functions  that  can  only  be  calculated  in  the  frame- 
v;ork  of  specific  nuclear  models-  Thust  the  uncertainties  of 
nuclear-structure  theory  are  carried  over  into  the  nuclear  matrix 
elements  or  form-factor  coefficients. 

Finally,  the  axial-vector  constant  X for  nucleons  embedded 
in  a complex  nucleus  is  renormalized  in  a different  v;ay  from 
that  for  free  nucleons’,  because  the  mesonic  currents  behave  dif- 
ferently for  free  and  bound  nucleons,  and  new  mesonic  currents 
appear  that  are  absent  for  free  nucleons.  Thus,  X is  in  principle 
not  a constant  over  the  whole  range  of  nuclei-  For  light  nuclei, 
a deviation  of  X from  the  free-nucleon  value  by  has  been  found 

Szybisz,  1975; 

(Wilkinson,  1973&«  1973L,  1974^Ericson  ^ al» , 

1975  5 Ohta  and  Wakamatsu,  197 4) » 

Under  these  assumptions,  we  develop  the  relation  between 
form-factor  coefficients  and  nuclear  matrix  elements  for  a pure 
V-A  nucleon  current  of  the  form  given  in  Eq.  (2-4).  Induced  terras 
will  be  discussed  later-  We  have  (Stech  and  SchUlke,  1964;  Behrens 
and  BUhring,  1971)^ 

^FKLg^(k^,m,n,p)  = (-l)^^"\'^W|^^(k^,ra,n,p ) , 


(2-76) 
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where  the  nuclear  matrix  elements  are  denoted  by  (k^,m,n,  p) 

and  ,min, p).  The  meaning  of  the  indices  has  been  ex- 

plained in  connection  with  the  form-factor  coefficients. 

The  nuclear  matrix  elements  are  CEq.  (2-^2)^ 


(-1) 


Jf""f 


^f  ^ 


M 

I 1 


2(  • • #Aj«J 


= C 2fx/(  2J^+1)T  jj*  • *J  ’i'f  C 1 > 

A r L+2N  ^ 1 

I(  , ra,  n,  p ; r)  ( l+Xy^ ) Tj^^t’*’?- 

j=l  ^ J 

j '*■  , 

X ij).(li  2, ..  .As  J.M.x.  )dT  dT  . ,.dx  - 
1 ’ X 1 a 12  A 


(2-77) 


Here,  and  are  the  nuclear  many-particle  wave  functions  of 
:the  final  and  initial  state*,  .respectively,  which  depend  on  all  the 
coordinates  of  the  A nucleons-  The  sura  over  j runs  over  the  A 
nucleons,  and  all  the  operators  are  single-particle  operators 
operating  on  the  j nucleon  only-  The  t is  the  isospin  opera- 
tor changing  a proton  into  a neutron.  The  term  with  1 gives  the 

V matrix  element  while  the  term  with  leads  to  the  A matrix 

5 

M 

element.  The  multipole  operators  Tj^^  have  been  defined  in  Eqs. 
(2-45). 

The  nuclear  matrix  elements  of  Eq.  (2—77)  must  be  calculated 

on  the  basis  of  appropriate  nuclear  models.  This  is  a complicated 

problem  which  requires  special  considerations  for  each  particular 

M 

P transition.  One-body  operators  0 must  be  used  in  Eq.  (2-77), 

ZV 

which  can  be  expanded  (Bohr  and  Mottelson,  1969)  as 
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0 o|  , (2-78) 

where  a^'  is  the  annihilation  operator  for  a proton  in  the  single- 
particle  state  P and  is  the  creation  operator  for.  a neutron  in 
the  single-particle,  state,  a-  ■ Here,  a and  P represent  a .complete 
■set  of 'single-particle  quantum  numbers-  We  can,  therefore,  v;rite 

.-ra,n,p)  ^(2K+ir^/^<a|po”|lp>C  , (2-79) 

- ■ a,p  - ■ ■ ■ 

with  i=V;A  and 


Ii+2N 

- \ ^ I(  k^»  m.t  ni  p ; r)T 


KLs’. 


A^M 


IH-2N 


.°K  “ ^ R^  . I(  k^,  m,  ni  p,; r)  * 


The  expansion  coefficients  G^p  are 


(2-80) 


(2-81) 


where 


a".  = C-l)^'*'™a,  • 

J®..  - 1“® 


s if  - follows  that,,  however  complicated  the  nuclear  states  may  be, 

■ the-®cact  nuclear  matrix  elements  betw.een  many-body  states  can 
be  expanded  -in -a  linear  combination  of  single-particle  matrix 
elements  “(-Donnelly 'and  Waiecka,  1972,  1975)*  For  example,  methods 
of  calcuikting  the  coefficients  C^p-  in  the  framework  of  the  shell 
model  are  discussed ’-by  de  Shalit  and  Talrai  (1963)  Formulae  for 
.huclear  matrix  elements  within  the  isospin  formalism  are  also  given  by 
de  Shalit  and.Talmi.  (1963) • 
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, Once  the  set  of.aumerlcal  coefficients  has  been  determined, 
the  nucleair  matrix  elements  can  be  computed  if  we  are  able  to  de- 
duce reliable  values  for  the  single-particle  matrix  elements*  In 
B(js*  (2-84),  we  therefore  list  the  single-particle  expressions  for 
all  the  nuclear  matrix  elements  in  terms  of  radial-integral  and 
angular-momentum  quantum  numbers  (Biysk,  1952;  Talmi,  1955;  Bose 
and  Osborn,  195^;  Berthier  and  Lipnik,  1966;  Lipnik  and  Sunier, 

1966;  Delabaye  and  Lipnik,  1966;  Strubbe  and  Callebaut,  1970) ♦ 

The  compact  form  of  Eqs-  (?-84)  is  that  given  by  Behrens  and  BHhr- 
ing  (1971)-  The  orbits  of  the  nucleons  are  assumed  to  have  defin- 
ite angular  momentum,  as  in  the  jj-coupling  shell  model.  In  the 
same  notation  as  used  for  -the  electron  wave  functions  TEqs,  (2-16) 
and  (2-17)3,  the  nuclear  wave  functions  can  be  written 


(sign  k)  f^(r)xi^^ 

g,(r)xj 


(2-82) 


The  orbit  of  a nucleon  is  identified  by  the  number  k,  defined  as 
for  leptons: 


|k1  = j+(l/2);^ 


K>0  if  A =5  j-f(l/2) 


(2-83) 


|_K<0  if  £ = Hl/2) 

The  large  component  of  the  nuclear  radial  wave  functions  is  de- 
noted by  g^  and  the  small  component,  by  f^^.  The  single-particle 
values  of  the  nuclear  matrix  elements  then  are 
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CO 

f 


I-  2 

^ I(k^»m,3i,p  ;r)g^(r’,K^)r  dr 

0 

+ sign  (k^)  sign  (k^) 

f K+2N 

j I(k^,m,n,p;r')f^Cr,ic^)r  drj-, 


^ L+2N 

I(k^,m,n,p;r)g^(r,  K^)r  di 
0 ’ ■ . ■ ' 

- + sign  ( K^)  sign  ( 

r L+2N 

< f ^Cr,icp  (^)  I(k^,m,n,  p;r-)f^(r, K^)r  ar|. 


“ '/2(2J^+l)“^'^^|sign  (k^)  ®KKO^V’“a^ 


■ g^(3Ki  K|.)(^)  I(k^,m,n,  p;r)f^(riK^)r^dr 


+ Bign  (K^)  ^KKO^'V^i^ 


r K+^  ^ 

p;r)g^(r,  K^)r^drJ, 


(2-8ifa) 


(2-84b)  ■ 


(2-84c) 


5^. 


p)  = -f?(2J^+l)  ^^^jsign- ( k^)  Gj^^(  k^,*^ic^) 


L+2N 

r'R^  • X- 


00 

-J  S4>('r.'''4>) (•§)  I(k,i ni, n,  P ; r)  f,,  ( r,  ) r'^dr 


X X 


+ sign  (k^) 

r - '.  ^2N  ? 1 ' ■ 

^ j f^(r,ic^)(^)  I(.k^„m',n,p,;r)gj|^(r,ic^)r  drj.  ,.(2-84d) 

0 

The  indices  i and  f refer  to  the  initial  and  final  states  of  the 
nucleon  xindergoing  decay.  The  radial  quantum  numbers  of  the  or- 
bits are  not  explicitly  indicated.  The  quantity  ®KLs^^f’^i^  ‘ 

defined  through  Eq.  (2-36)»  . 

If  relativistic  nuclear  wave  functions  are  used  (Miller  and 

.Krutov  ^ al« , 197^) » ' 
Green, -1972;  Miller,  1972,  Krut.ov  and  Savashkin,  1973?y^the  nuclear, 

radial  wave  ftinctions  must  be  normalized  to  satisfy  the  condition 

,^2.  2,  . ,1  J.2.  ’ '\  ,2, 


g (r,K).r<dr  +J  f (r,(c)r  dr  = 1- 
0 


(2-85) 


In  most  cases,  relativistic  nuclear  wave  functions-  are  not  known, 
whence  actual  calculations  must  be  performed  in  the  context  of 
nonrelativistic  nuclear  models.  It  is  then  necessary  to  find  the 
small  components  'fOr,K)  of  the  nuclear  radial  v/ave  functions. 

It  is  possible  to  express  f(r,K)  Ih  terms  of  g(r,K)  by  using  the 
Dirac  equation  in  the  nonrelativistic  limit,  if  .the  spin  angular  ■ 
and  the  radial  parts  of  the  wave  functions  are  considered  separate- 
ly (Behrens  and  Btthring,  1971) « In  the  nonrelativistic  limit  one 


then  finds 
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r 


(2-86) 


v/here  M is  the  nucleon  mass,  and  g(r,ic)  is  the  solution  of  the 
single-particle  SchrBdinger  equation.  In  this  case,  the  radial 
wave  functions  g(r,K)  must  be  normalized  according  to 


J'  g^(r,  ic)r^dr  = 1-  (2-87) 

0 

The  matrix  elements  of  Eqs.  (2-84a)  and  (2-84b)  are  usually 
called  nonrelativistic  because  their  radial  parts  depend  only 
on  the  radial  functions  g(r, k).  The  terras  containing  both 
f^(r, K^)  and  f^(r, k^)  constitute  small  relativistic  corrections 
that  can  usually  be  omitted-’  On  the  other  hand,  the  matrix  ele- 
ments of  Eqs.  (2-84c)  and  (2-84d),  vrhich  contain  f(r,  k),  are 
called  relativistic  matrix  elements. 

The  radial  momentum,  operator  p^  is 


1 , d Iv 


(2-88) 


hence  we  have 


f(r,  fc)  = ■^fi.p^  + -~}g(r,  k).  (2-89) 

For  a bound  nucleon  state  in  a spherical  potential,  on  the  other 
hand,  the  relation 

(I’r^  x)  = Ej^^gCr,  x)  (2-90) 

holds,  where  is  the  kinetic  energy  of  the  nucleon  The  ratio 

of  relativistic  to  nonrelativistic  single-particle  matrix  elements 
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can,  therefore,  be  estimated  as 


^0.1.  ( ?-9l) 

It  has  been  shown  that  some  approximations  must  be  made  in 

going  from  relativistic  nuclear  wave  functions  to  the  nonrelativ- 

istic  limit.  Some  of  the  relativistic  form-factor  coefficients, 

however,  can  be  related  to-  nonrelativistic  coefficients  on  the 

basis  of  CVC  theory  (Stech  and  Schillke,  1%^;  .Fiyita,  1962;  Eich- 

Sohopper,  I 966; 

ler,  1%3;  Damgaard  and  Wintheri  1965;/\Blin-Stoyle  and  Nair, 

1966;  Blin-Stoyle,  197-3 ) • ' The  most  important 

such  relations  are  (Behrens  and  Bilhring,  1971) 

-^F^"^(k^,m,n,p)  = (Wq-k2.5)||J(|)^  \(k^,m,n,  p;x)dxTQQQj^ 

.0  . . . ■ 

•f  2N-1  , 1 

j (^)  I(k^,m,n,p;x)dxU(r)TQQQjQj*  (2-92) 

0 


and 

-(2K+1+2N)[K/(2K+1)]  ^fJJ^_^^-?.N1:(K+1)/(2K+1)]  ^5^^. 


K+2N 


U(r)T. 


, .v' 

KK0^0_ ' 


(2-93) 


Additional  relations  are  given  by  Behrens  and  Biihring  ( 1971) ■ 

Because  the  old  Cartesian  notation  for  nuclear  matrix  ele- 
ments is  used  in  many  papers,  the  connection  between  form-factor 
coefficients  and  nuclear  matrix  elements  is  listed  in  Cartesian 
notation  in  Table  2.10. 
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Induced  interactnona.  As  indicated  in  Sec.  2.1,  the  hadron 
current  is  influenced  by  the  presence  of  the  strong  interactions. 
It  can  be  shown  (Delorme  and  Rho,  1971))  that  hence  the  simple 
nuclear  current  of  Eq.  (2-4)  must  be  replaced  by  the  most  general 
current 


= i^^(p')  / rg,.0j+F-(iTp'+M)0j 

^ i=V,S,K,L^^  ^ ^ 


A,P,T 


+ G.0^(i^+H)+H.(i^’+M)0^(i 
1 p 1 p 


^(ii^+H)  i|»p(p). 


(2-94) 


where  we  have 


0^  = Y ,0®  = 
P P P 


^V°P  = 


,0^  = 
P 


P 

Y Y^,0  = 
P 5 P 


iV5 


and 


T 

0 = 


p ^ '^pa'^a'^5' 


Because  the  binding  energy  B of  the  nucleons  inside  the  nucleus 
is  always  small  compared  with  their  mass  M,  the  off-mass-shell 
effects  are  expected  to  be  negligible  (of  order  B/M).  In  the 
standard  impulse-approximation  treatment,  the  nucleons  are  there- 
fore taken  on  their  mass  shell,  i.e.,  (i^+M)u(p)=0  is  assumed. 
Then  the  terms  associated  with  the  coupling  constants  G^, 
and  vanish.  On  replacing  by  the  corresponding  differential 
operator  (Behrens  and  Btihring,  1971;  197^)  jwe  obtain 

+ %Y5+i%%Y5(^  + ieA^)+fpY5(^  + ieA^)]  (2-95) 

V ■*' 
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■abr -13118 -C33B Ti^cay.  -decay  and  electron  cajiture,  the 

Herraitian  .conjugate  current  is 

V 

“ ~ ’J’;p*  C2-96) 

“By  comparing  "Eqs.  C'2-'95)  and  (2-960,  the  formal  substitutions  can 
be  -determined  that  must  be  made  for  the  induced  coupling  con- 
s-bants.  in  .going  from.  P"  io  p"*"  .decay.,  from  P’*'  decay  .to  electron 
capture,  or-from  •P*’  decay -to  electron 'cap-fcure  (Behrens  and  BUhring, 

157^5 . 

• Between  p”  and  p"*"  decay,  the  following  correspondences  hoid 
Cin  addition  to  those  indicated  in  Eq,  (2-39)^ J 


i~  decay 

P“^  decay 

-*■ 

"^S 

-fg,A 

-> 

fp/^ 

~reA 

V- 

=> 

(2-97) 


-Bor  P"*"  -decay  -and  -electron  -napture , the  hadron  -current  fand 
therefore  -also  the  hadron  part  of  the  transition  matrix  element) 
"has  the  same  form;  Thus,  beyond  .the  aubatitutions  indicated  in 
Bq.  -■(B-h'D),  it  is  only  necessary  to,  replace  by  “W  +W  to  go  from 
.p^  decay  to  electron  oapture- 
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starting  from  p“  decay,  on  the  other  hand,  the  following 
substitutions  apply  Cin  addition  to  those  indicated  in  Eqs.  (2-4l) 
and  (2-42)3: 


P”  decay 

electron  capture 

•> 

-fjA 

(2-98) 

-J- 

fp/A 

ieA^ 

- 

The  quantities  fj_j,  fg,  f^ 

and 

fp  are  the  coupling  constants 

for 

the  weak  magnetic,  induced  scalar,  induced  tensor,  and  induced 
pseudoscalar  interactions,  respectively  (Marshak  et 
al.  , 196^9;  Sohopper,  1966?  Blin-Stoyle,  1975 5 Blin-Stoyle  and 
Nair,  1966;  Kim,  1974^)* 

The  conserved-vector-current  theory  predicts  the  values 
(Blin-Stoyle  and  Nair,  1966) 


f = (h  -p  )/2MS5  0.0010, 
M p n 


(2-99) 


for  and  here,  and  are  the  anomalous  magnetic  moments 
of  the  proton  and  neutron,  and  M is  the  nucleon  mass- 

The  quantity  A^=(A,l<j))  in  Eq-  (2-98)  is  the  potential  of  the 


external  electromagnetic  field,  which  in  this  case  is  the  static 
electric  field  of  the  nuclear  charge,  for  which  we  have  A=0, 
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(xZ 

-eij)=V(r)=-^U  (r)  - The  terms  containing  A must  toe  included  to 
K 

assure  gauge  invariance  of  the  Hamiltonian- 

By  applying  the  Dirac  equation,  the  operator  in  Eq< 
(2-96)  can  be  replaced  by  the  transition  energy 

Like  the  simple  current  of  Eq.  (2-4),  the  general  current 
given  by  Eq.  (2-96)  consists  of  two  parts,  one  of  which  Lorentz- 
transfoimslike  a four-vector,  the  other  like  an  axial  vector.  V/e 
make  use  of  this  property.  In  the  nuclear  matrix  elements  with- 
out induced  interactions  CEq.  (2-77)^,  the  spherical  tensor  oper- 
ators Tj^^  and  ^KLs 


’■•■'lLO  = 


KL 


. . .--L-K+l.I^M 


(2-100) 


The  nuclear  operators  1,  Xy^,  a and  ?n  behave  under  rotation  like 
scalars,,  pseudoscalars,  vectors,  and. axial  vectors,  respectively- 
Introduction  of  the  general  current  of  Eq.  (2-96)  makes  it  neces- 
sary to  replace  these  operators  by  more  complicated  operators 
which  have  the  same  transformation  properties  (Behrens  and  Btihring, 
1971) : 
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^0  - f IT(ri]  , 

^Tj  - 4 = ^T5+lfj|io-T-fpHT5[H;-  ^!I(r)]  , 

^ = a+fj^pr-SxVl+f^psl^rf'^  ^ U(r)]  -ifgpv, 

XO  ^ -/  = x5-f^pCSxf]-f^Pa[vn-  ^ u(r)]  (2-ioi) 

These  substitutions,  in  Eq.  (2-76)  via  Eq-  (2-77),  lead  to  the 
form-factor  coefficients  that  correspond  to  the  general  nuclear 
current.  The  expressions  for  the  observables  in  terms  of  form- 
factor  coefficients  remain  unchanged  (Sec.  2.2.3;  Stech  and 
Schtilke,  1964;  BUhring  and  Schtllke,  1965) » Only  the  definition 
of  the  form-factor  coefficients  in  terms  of  nuclear  matrix  ele- 
ments and  coupling  constants  is  changed. 

The  form-factor  coefficients  in  terms  of  nuclear  matrix 
elements  appropriate  for  electron  capture  are  as  follows: 

V N V N 

+ f j^~^CK/(  2K+1)  ] ^^^^|(  r/R)  ( 2K+1+2N)  I(  r)  +rl  > ( r)  J 

+ C(K+l)/(  2K+1)]  r/R)  ^■^^■^C2NI(  r)+rl»  ( r)  ] 

+ fgR“^Q(r/R)^^^”l(r)[vnR-aZU(r)]pTj^^Q),  (2-102a) 


J^jjq(Rj  m,n,p)  - X ^KKO^^*  ®»n-)p) 

- f^R“^|[;K/(  2K+1 ) 3 r/R)  ( 2K+1+2N)  I(  r ) +rl  > ( r)  3 

+ C(  K+l)/(  2K+D3  r/R)^'^^'’^C2NI(  r)  +rl » (r)  3 

- fpR"^^J'(r/R)^'^^I(r)CwiR-aZII(r)3pY5Tj^o),  (2-102b) 
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■ m,n^  .=  in,ri,p)  - 

- ' [-('k+1-)'/(  2K+1)']  r/R)  2K+1+2N)  iCr)  +rl  ‘ ( PX^'^K-ll) 

■ C-KA;2R+l)]^/^(j(f/:R)^‘^^’^C2NI(r)+rI-'-(r^^ 

^(|cVR)^'^^lCr')tW^R-aZU(:r)  - (,2-102c) 

• m»n-,p)  = m,n,  p)  ' 

■ - •f^R*’^Et  K+D/C2K+1)  [( r/E)  2K+1+2N)  iCr)  +rl‘  ( r)3 

'■  -^■tK/C2K+l)3^/2(Jcr/R)^^^^"\2Kl(r)+rI'(r)]pT5^^J 

- +(|(r/R)^'^^Vr)Cw^R-aZU(r)DpT5Tjfj^)|.^  ( 2-102d) 

” m^iifp}  = nijEL^p) 

+ K+1 )./(  k+1 ) ] (J(  r/R ) K+2N-2J.  2NiC  r)  +rl  t ( r)-J  J 

■ + (j(r/R)^'^‘^”^ICr)Cw^E-cZtjCr)]pT^_  J 

- fgR"^CK/C  2K+l>a^'^2^J^ ^■*'^“^C2NI(r)+rI>  C r) ] , ( 2-102e) 


ra,3a,p  ) - m,n,p) 

- f|pR"^|;-C  ( K+l)/(  2K+1)  ] r/R)  2N1(  r)  +rl  f Cr ) 3 PT^^) 

+ ('|(•^A)^^'^■^I(r)CW^E-aZU(r)']pY5TKK_lllj^ 

I-  f j^“^Ck/C2K+I)']  ^^^^|(r/E) 2NI( r)  +rl ' C r ) ] PT^Tj^^’)  ( 2-102f ) 


6? 


+ f j,jR"^[c  K/(  2K+1)  ] (J(  r/R)  ( 2K+3+2N)  I(  r)  +rl  K r)  ] PY3Tkj^3^) 

•i-  ( J ( r/E)  [W  t R^ZU(  r ) ] 

- ■fgE"^C(K+l)/(2K+l)]l/^{J (r/R)^'^^”CC 2K+3+2K) I( r)+rl* (r)n3Tj^j^Q), 

(2-102g) 


- f^E"^|^[K/(2K+3:-)]^'^^(j(r/R)^'^^CC2K+3+2N)l(r)+rI«(r)IlpTj^) 

+ (j'(r/E) 

. + fpR"^[(K+l)/(2K+l)]^/^^|(r/R)^'^^’^C(  2K+3+2N)  I(r)+rlHr)3pY3Tj^o). 

flor  brevity,  we  have  written  I(r)  instead  of  (2-l02h 

I(k^,m,n9 j;r) ; wfe  have  I* (r)sdl/dr. 

In  addition  to  the  single-particle  matrix  elements  of  Eqs.  (2-84), 
the  following  are  required: 


K+1+2N, 


ICr)Cw.R-.ZU(r)]pT5T^j;^U 


)} 


(|(.r/R)^;"^<j>(r)>TjQ^Q)  = C2/(2J.+1)1^/^|-Gj^q(k^,k^) 
00 

^ Jgf^^’Kj,)(r/R)^'^^i|)(-r)g^(r, K:^)r^dr 
.0 

+-sign  (k^)  sign  (k^-). 


u* 

: J f r,  K ^)  ( r/R)  ( r)  f . ( r , K^. ) r^dr 


1 1 - 


(2-103a) 


~ C2/(2J^+l)]  ^ |"®KL1.^ '^X’ 

flO 

^ J g^(  r , K ^)  ( r/R)  ^'*'^^<j)(  r ) g^(  r , K^ ) r^dr 
0 

+ sign  (k^)  sign  (k^)  “'^i^ 


W. 

Jff(r, 


K^)  ( r/R)  r)  f^(  r,  K^)r^d^, 


(2-105b) 


(J(r/R)^"-%(.r)PY5TKKo)  = -2/( 2J.+l)]^/^[-sign  (tc.-)  GKKO^Kf,"><^) 

CO 

Jg£(r,Kp(r/R)^‘^^^4>(r)f^(r,  K^)r^dr  + sign  ( k^)  Gj^,^q(-k:^,  k^) 


1 X 


«Q 

-Jtftr, 


K ^ ) ( r/R ) r ) ( r , ) r ^dr 


(2-103c) 


( j!cr/R)^^(j>(r).pT 


= [2/(2J^+l)]^'^^|~sign  (k^)  G^^-)(K^,-Kj) 

00 

Jsf(r,Kp(r/R)^^*^<j)(r)X(r,K^)r^dr  + sign  ( (-k^,  k^) 


. X 


s 

ff(r, K^)(r/R) 


^^<Ji(r)g^(r,  K^)r^dr 


} 


(2-103d) 


0 

Here,  <j)(r)  stands  for  I(k  ,m,n,  p;r)  or  rl'(k  ,m,n,  p;r)  or  a linear 

.X  X 

combination  of  these  integrals.  The  question  whether  a finite 
coupling  constant  f^  exists  for  the  induced  tensor  interaction 
has  aroused  great  interest  of  late-  Second-class  currents  (V/ein- 
berg,  1958)  manifest  themselves  in  principle  only  through  the 
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coupling  constants  f and  f , and  f vanishes  in  accord  with  the  con- 

^ X s 

served  vector  current  theory.  Hence,  the  determination  o£  is  con- 
nected with  the  very  question  of  the  existence  of  second-class  currents 
in  3 decay  and  electron  capture. Although  this  problem  has  been  dis- 
cussed extensively  in  the  literature  (Wilkinson,  1970a»1971,  1972a, 
1971/72,  1974b{  Alburger  and  Wilkinson,^  "1970;  Kim,  1971;  Holstein  and 
Treiman,  1971;  Vatai,  1971,  1973bj  Wilkinson  and  Alburger,  1971; 
Elomquist,  1971;  Wolfenstein  and  Henley,  1971;  Lipkin,  1970,  1971;  Kim 
and  Fulton,  1971;  Blin-Stoyle  e~b  al . , 1971;  Laverne  and  Dang, 

1971;  Alburger,  1972;  Tribble  and  Garvey,  1974;  Towner,  1973;  Greenland, 
1975)  an  unanbiguous  answer  concerning  the  existence  of  second-class 
cxxrrents  has  not  yet  been  obtained.  An  excellent  review  of  this  matter 
has  been  written  by  WiU^nson  (1971/72)  . 

In  view  of  the  uncertainty  about  second-class  currents,  Kubodera 
eh  al.  (1973)  have  recently  pointed  out  that  one  cannot  neglect  the 
nucleon  binding  effects,  i.e. , off-mass-shell  phenomena  and  exchange 
currents.  Thus,  at  least  as  far  as  the  axial-vector  part  is  concerned, 
one  should  stert  with  the  most  general  current  [Eq.  (2-94)].  .But  then 
the  large  number  of  coupling  constants  complicates  the  problem  to  such 
an  extent  that  it  can  be  dealt  with  only  imd^r  some  simplifying  assump-- 
tipns,  i.e.,  minimal  coupling.  Fxirthemore,  special  models  for  the 
meson  exchange  current  must  be  used.  Following  this  line  of  attack, 
Kul?odera  et  al.  (1973)  were  able  to  calculate  explicitly  off-mass-shell 
.and  meson-exchange  effects  for  some  special  cases,  and  to  demonstrate 
their  importance  (Eman  ^ ai*  , 


1973) . 
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2.?. 4-  Explicit  Expression  for  the  Quantities  M^(k^,k^)  and 


By  expanding  electron  and  neutrino  radial  wave  functions  as 
outlined  in  Sec-  2-2-2  and  introducing  the  form-factor  coefficients 
defined  in  Sec-  2.2-3,  we  can  derive  from  Eq-  (2-42)  explicit  ex- 
pansions of  the  quantities  take 

into  account  only  dominant  terms  (of  lov;est  order  in  the  expansion 
of  electron  and  neutrino  radial  wave  functions) , we  arrive  at  the 
follov;ing  simple  forms  for  ^^(k^,ky)  and  nij^(k^,ky)  (Behrens  and 
JSnecke,  1969;  Behrens  and  Bilhring,  1971)  : 

For  allowed  transitions, 


- ^000’ 

ti^(i,i)  = (2-104) 


for  first- forbidden  transitions, 


Mq(1,1)  = ^F°QQ+(l/3)aZ  ^q^j^(1,1,1,1)-(1/3)WqR 

m^d,!)  = (1/3)R 

M^(l,.l)  = -^F°Q^+(l/5)aZ(l/3)^^^  ^F°^q(1,  1,1,1) 

- (1/5)WqR(1/3)^^^  ^fJ^q-(1/3)cxZ(2/3)^^^ 
X ^F°^j^(l,l,l,l)-(l/3)(W^+q^)R(2/3)^'^^ 


m^(l,l)  = (1/3)r[(1/3)^^^  ^F°^^^-(2/3)^^^  ‘"^^li:!]* 


6? 


M^(l,2)  = -d/3)q^R[(2/5)^^^  XlJ’ 

Y2d)  = -’(l/3)p/[(2/3)^'^^  XlJ-’ 


= -d/3)q^R  ^^211’ 

M^C?,!)  = -d/3)Pj^R  (2-105) 


For  higher  forbidden  transitions,  we  have 

^|-C(2L+1)/l]^/2 

+ (2k^+l)"^^^aZ  ^F^Q(k^,l,l,l)+C(2k^+l)"^  ( 2kJ,^^+l)“^q^R] 

- C(2k  +1)"^/  R+(2k^^^+l)“V  H^C(1h-1)/L^^^^  ^fnli  (2-106a) 

XXV  ^ -idJ±t 


Ic  Hi  Ic^ 

'*  C2k^+ir^H 


(2-106b) 


k —I  k^  —1  / 

Mj^(k^,k^^b  = -i^(p^R)  Cq^^E)  (Lfl)^/^C(2k^-l)(2k^^^^-l)l“^/^ 


[Xlo+(  v=v^’ > *4i}’ 


(2-106c) 


(2) 

'W>Sc'>‘v^’>  ‘ " 'Sc’*)  ''  VuDia- 


(2-106d) 
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Here  v/e  have  introduced  the  abbreviations 

= ( 1/2 ) ( 2L)  tl  /( 2L+1 ) ! 1 ] ( 2k^-l ) ! ( 2k|^^  ^ -l)  ! 3 ; ( 2-10?a ) 

L = C(2L)J  !/(2L+l)!l]^'^^C(2k  (2-107b) 

Jj  XV 

and  Kj^  are  related  by 

= [(2L+l)/L]^^^tCj.,  (2-108) 

The  energy  of  the  bound  electron  in  the  parent  atom  is  defined 
as  W^=l-jE^j,  <vhere  is  the  binding  energy  in  the  parent  atom. 

The  electron  momentum  is  given  by 

p'  = (1-W  (2-109) 

X X 

The  form-factor  coefficients  are  Oc  ,m,n,p)  and 

KLs  KLs  KLs  X 

^I^^(k^,m,n, p) ; they  are  related  to  the  nuclear  matrix  elements 
as  indicated  previously*  The  symbols  V and  A refer  to  vector  and 
axial  vector;  K specifies  the  rank,  L the  multipolarity,  and  s the 
spin  of  the  spherical  tensor  operators  that  are  Involved,  The  ra- 
dial dependence  of  this  operator  is  or  r^^^^I(k^,m,n, p;r) . 

These  form-factor  coefficients  occur  in  accordance  with  the  expan- 
sion of  the  electron  radial  wave  functions  discussed  in  Sec,  2,2,2. 

In  Eqs,  (2-4y)  through  (2-49)  we  have  only  presented  the  dom- 
inant terms  of  the  multipole  expansion  and  the  expansion  of  the 
electron  radial  wave  functions  for  linear  combinations  of  form- 
factor  coefficients.  Complete  expressions  are  listed  in  Appendix 
A2,l  (Behrens  and  Bilhring,  1971)*  Unless  there  are  strong  cancella- 
tions between  different  terms  connected  with  the  form-factor  coef- 
ficients, the  higher-order  terms  can  be  neglected- 


The  two  quantities 
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2-3- 


Formulae  for  Allov#ed  and  Forbidden 


Transitions 


2.3'1'  Allowed  Transitions 

In.  allov/ed  transitions!  electrons  can  only  be  captured  from 
orbits  with  k^=±1,  i.e.i  from  the  K,  shells 

Ccf.  Eqs.  (2-kk)~(,Z-k7)l . This  result  is  based  on  the  approxi- 
mate neglect  of  contributions  from  higher-order  (so-called  second- 
forbidden)  terms  (see  Appendix  A2.2)»  Capture  from  orbits  with 
k=±2,  for  example,  would  be  governed  by  matrix-element  combina- 
tions H^(2,l),‘  etc.,  v/hich  are  smaller  than  Mq(1,1)  and 

M^(l,l)  by  at  least  a factor  p^R^.02.  Consequently,  we  have 

C ('k=±2)  S 4^10"^C  (k=±1) 

X X 

CEq-  (2-44)],  and  capture  from  orbits  with  k=±2  can  he  expected 
to  be  difficult  to  observe-  However,  capture  from  such  states  in 
principle  offers  a possibility  of  determining  the  higher- forbidden 
contributions  separately  from  the  leading  terms - 
For  the  quantity  v/e  find 


C 

X 


= (V  )= 

'■  ■^OOO’^ 


>(  ) ‘ 
''  ■SlOl'^ 


( 2-110) 


[Eqs.  (2-44)  and  (2-104)].  Inserting  this  result  in  Eq*  (2-43) 
leads  to 


0 


+ IV  q|  pf  B -^iv  <1t  py  B 
^1  ^1  ^1  ^1  ^2  \ ^2  ^2 


+ # ^ ♦ 


( 2-111) 
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for  the  decay  constant.  Hence  it  is  easy  to  derive  the  ratios 
of  the  capture  probabilities  from  different  subshells.  The 
ratio,  for  example,  is 


2 2 

C I-, 


( 2-112) 


2-3-2*  First-Forbidden  Won-Hnioue  Transitions. 

Considering,  as  before,  only  the  dominant  terms  in  non- 
unique, first- forbidden  transitions,  v;e  find  that  electrons  v;ith 
the  quantum  numbers  k^=±1,  ±2  are  captured.  For  K,  L^,  L^, 

...  capture,  v?e  have 

= [MQ(l,l)+mQ(l,l)]^+[M^Cl,l)Tm^(l,l)]^+M^(l,2)+M2(l,2)  (2-113) 

CEqs.  ( 2-^4) -( 2-^ ) 3 . The  upper  sign  bolds  for  K,  L^,  cap- 
ture arid  the  lower,  for  L^,  capture.  The  quantities 

Mj^(k^,k^)  in  Eq.  (2-113)  are  defined  through  Eqs.  (2-103) » If 
there  is  no  cancellation  betv/een  the  different  terms  in  Eqs. 

(2-105),  we  can  simplify  Eq.  (2-113)*  Because  we  have  W^=1-|Ej^1, 
with  |Ej^1^0-2  and  R=0.0031A^'^^<0.02,  we  can  usually  neglect 
terms  multiplied  by  H and  Then  v;e  find  (Vatai,  1973') 

+ (XlO^ 1 1 1) - 1,1,1,!)} 

- Q<nB/3)(l/®f ir°  „♦<!'  1 y 


(2^-114) 
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This  result  shows  that,  even  dn  the  case  of  first- forbidden  non- 
unique transitions,  the  quantity  to  a very  good  approximation 
does  not  depend  on  the  particular  subshell  from  which  the  electron 
is  captured*  As  for  allowed  electron  capture,  the  ratios  of  the 
capture  probabilities  from  different  subshells  are  therefore  in- 
dependent of  the  form-factor  coefficients*  Thus,  these  ratios 
-have' the  same  form -as.  given  in  Ej.  (2-81) » 

In'  many  cases,  especially  for  the  heavier  nucl'ei,  we  have 
aZ»WQE.  Then  Eq.  ( 2-ll4)  ' can  be  simplified  further: 

+ pF°Q^-(aZ/3)(l//^‘[^F°j^Q(l,l,l,l)-'f2'  ^^^^(1,1, 1,1)}]^.  (2-115) 

'For  capture  ■ from  <=±2  (L^,  Mj^,-.’-)  states, .we  have 

2,  r)  }^+{M2(  2,1)}^,  ( 2-116 ) 

or  explicitly  Xcf-  Eqs.  (2-105)], 

^x  =‘  2/5) 1/^  ^?iil^-^1^^21li  ^ j*  ^ 

Comparison  of  Eq.  (2-117)  with  Eq.  (2-114)  suggests  that  k=±2 
capture  is.  negligibly  small  as- against  capture  from  k=±1  orbits, 

,2-5»5-  First-Forbidden  Unique  Transitions 

Considering  dominant ; terms  in  Eqs-  (2-105)  for  unique  first- 
* • \ * 
forbidden,  transit  ions,  we  find  that-  subshells  v/ith  k=±i,  ±2  can 

contribute  (Behrens  and  .J^necke,  1969)-  For  capture  - from  ic^=±l 

(•K,  L^,  L^',.  NLj_»  Mg,-,..)  states,  we  have  , 
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'^x  = (2-118) 

and  for  capture  from  (^^»  orbits,  we  find 

■=x  " 

It  follows  from  Eqs.  (2-43)  (2-ll8)  that  the  capture 

ratio  is 

Expressions  for  the  L^/^’  ^2^^’  ratios 

are  entirelj^  analogous-  For  the  ratio,  on  the  other  hand, 

we  have 


\ A = (iV  pf  q?  P?  )/(n.  q!^  pf  B )- 

3 1 3 3 3 3 3 1 1 1 1 


( 2-121) 


Other  k^=2  to  K^^=l  capture  ratios  are  analogous  to  Eq,  (2-121). 


2»3'4.  (L-l) -Forbidden  Unique  Transitions 

Taking  only  dominant  terms  in  Eq.  (2-lOSd)  into  account,  we 
have  for  L^k 

X 


2(k^-l)  2(L-k^) 

(2L-2)11  /A,0  \2^2(E-1)  ^x  Sc 

x“(2L-l)n(^  ^LL-li;  (2k^-l)l{2(L-k^)-H}l  * 


(2-123) 


For  K,  L^,  L^,  M^,  ...  capture,  for  example,  v/e  obtain 


(2-124) 
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£•5-5-  Some  General  Remarks  on  Higher-Forbidden 
Kon-Unioue  Transitions 

Special  formulae  for  the  higher- forbidden  non-unique  cap- 
ture rates'  can  easily  be  derived  from  Eqs.  (2-106)  in  analogy 
with  the- first- forbidden  non-unique  transition  rate  CEqs.  (2-113) 
to  (2-115)^ • The  following  general  statements  can  be  made  re- 
garding .siich  -higher-forbidden  capture'  transitions: 

(i)  As  for  AJs=l  first-forbidden  non-unique  transitions* 

these  capture  rates  .depend  only  on  six  different  form-factor  co- 
etflolente,  ''f™, 

Expressions  for  these  rates  are 
therefore  no  more  complicated  than  those  for  first-forbidden 
transitions. 

(ii)  ■ .If 'we  neglect  terms  multiplied  by  R and  V/-  E,  as  in 
,Eq.  (2-ll4),  the  capture  ratios  from  shells  with  the  same 
value  do  not  depend  on -the  nuclear  form-factor  coefficients. 
Formyfactor  coefficients  can  therefore  be  determined  by  inves- 
tigating capture  ratios  only  if  ratios  of  capture  from  states 

with  different  k ' are  measured  (e.g.  L,A,  M,/K)(Vatai,  1973). 

' ' ' th. 

(iii)  Non-unique  L —forbidden  capture  rates  are  always  • 
proportional  to  a factor 


' it  ' OT 

{-(  2Irt-l)  1 1 q^R)  (P^q^)  ^ 

CSqs.  (2-106)].  Consequently,  such- capture  probabilities  de- 
crease very  rapidly  with  increasing  degree  of  forbiddenness. 
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2.4.  Electron-Capture  to  Positron-Decay  Patios 


2.4.1.  General  Eynressions 

For  allowed  as  well  as  forbidden  transitions,  the  following 
general  result  for  EC/P'*'  ratios  holds  CEqs-  (2-2),  (2-7),  (2-10)]: 


>^ECV  = (SWx)/fV«“0 


(2-125) 


Here,  f^+  is  the  integrated  Fermi  function  (Behrens  and  JSnecke, 
1969) : 


^0 

fp+  = I p^(WQ-W)^(Zt,W)dp, 


(2-126) 


where  p is  the  positron  momentum  (in  units  of  iBqc),  the  maximum 

2.  1/2 

momentum  is  -1)  ' , W is  the  positron  energy  (in  units  of 

MqC  ),  Z*  is  the  atomic  number  of  the  daughter  nucleus,  F(Z,W)  is 
the  Fermi  function,  and  C(W)  is  the  spectrum  shape  factor,  averaged 
over  the  P"*"  spectrum.  The  form  of  the  shape  factor  for  different 
types  of  decay  has  been  discussed,  for  example,  by  Schopper 
(1966),  Behrens  and  JSnecke  (1969),  and  Behrens  and  Biihring  (1971)* 
To  calculate  the  integrated  Fermi  function  f we  need  the 
continuum-electron  radial  wave  functions  g_^(r)  and  Con- 

ventionally, these  functions  (and  hence  the  Fermi  function)  are 
evaluated  at  the  nuclear  radius  (r=R).  Hov/ever,  recent  discussions 
indicate  that  a less  ambiguous  result  is  achieved  if  the  Fermi 
function  is  evaluated  at  the  center  of  the  nucleus  (r=0)  (Schopper, 
19665  Behrens  and  BHhring,  1968,  1972;  Blin-Stoyle,  1969)-  This 
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latter  definition  of  the  Fermi  function  is  appropriate  for  the 
electron-capture  formalism  in  the  present  paper  (Sec.  2.2.2). 

A number  of  detailed  calculations  and  tabulations  of  the  Fermi 
function-F(Z,V/)  and  of  the  integrated  Fermi  function  f(Z,WQ) 
exist-  /.However,  in  many  instances  finite  nuclear  size  and 
screening  by’  orbital  electrons  has  not  been  taken  fully  into 
account.-  The  Fermi  function,  for  a point  nucleus  without  screen- 
ing is  listed  .iii  the  National  Bureau  of  Standards  tables  (1952) 
and  in  a • paper  by  Hose  and  Perry  ( 1953)  *•  -Dzhelepov . and  Zyryanova 
(1956)  have  calculated  the  Fermi  function  and  the  integrated 
Fermi  function  (at  r=R).  by  adding  corrections  for  screening  and 
finite  size  to  the  functions  for  a point  nucleus*  Several 
authors  (Matese  and  Johnson,  • 1966 ; Durand,  196^;  Brown, .1964) , 
-however,  have  -noted  that  the  screening  corrections  of  Beitz 
( 1950)  used  by  Dzhelepov-  and  Zyryanova  are  incorrect  for  higher 
electron,  momenta. 

Fermi-  functions  -evaluated  numerically  (at  rssR)  from  an  exact, 
solution  of  the  Dirac  equation  for  a nucleus  with  finite  size, 

"but  without  screening,  have  been  tabulated  by  Bhalla  and  Bose 
(I960,  1961,  1962,  1964).  It  was  later  showii,  however,  that 
these  tables  are  not  entirely  correct  for  positrons  of  higher 

momenta  (Bfihring,  1967;  Huffacker  and  Laird,  1967;  Behrens  and 

Asai  and  Ogata,  1974) . 

Btlhring,  1968;  Blin-Stoyle,  1973i  P-  38;/^For  a.. few  elements, 
..BUhring  (1965)  has  carried  out  an  exact  numerical  integration 
of-  the-  Dirac  eqaiation,  -taking  into  consideration  finite  nuclear 
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size  and  screening.  By  employing  a method  similar  to  that  of 
BUhring,  extensive  tables  of  the  Fermi  function  (at  r*0)  and 
graphs  of  the  integrated  Fermi  function  have  been  published  by 
Behrens  and  JSnecke  (1969);  this  calculation  takes  exact  ac- 
count of  both  finite  nuclear  size  and  electron  screening.  Nu- 
merical integration  of  the  Dirac  equation,  including  finite  size 
and  screening,  has  also  been  carried  out  by  Suslov  (1966,  1967» 
1968a)  ♦ Theoretical  K/P"*"  ratios  have  also  been  listed  by  Sus- 
lov (1970b), The  extensive  tabulations  of  the  Fermi  function 
(at  r=R)  and  of  the  integrated  Fermi  function  by  Dzhelepov, 
Zyiyanova,  and  Suslov  (1972)  are  based  on  these  calculations. 

Suslov,  however,  included  in  the  electrostatic  potential  caused 

12 

by.  the  atomic  electrons  a Slater  exchange  term.  V/hile  the  ex- 
change terra  is  applicable  to  the  bound  orbital  electrons,  it  is 
not  appropriate  for  the  continuum  states;  this  is  self-evident 
for  positrons  and  has  also  been  shown  for  emitted  particles 
(Matese  and  Johnson,  1966;  Behrens  and  J&iecke,  1969,  p.  25)- 
It  may  be  for  this  reason  that  Suslov *s  calculations  do  not 
agree  at  low  P"*"  energies  with  his  Thomas-Fermi-Dirac  calcula- 
tions and  v;ith  results  of  other 

authors  (Behrens  and  JSnecke,  1969;  Bhalla  and  Bose,  I960,  1961, 

1%2,  196^^). 

An  extensive  tabulation  of  log  f (at  r=R)  and  of  capture-to- 
positron  ratios,  with  an  accuracy  of  two  to  three  digits,  has  been 
compiled  by  Gove  and  Martin  (1973-)*  These  values  were  obtained 
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by  correcting  point-nucleus  continuum  radial  v;ave  functions  for 
finite  nuclear  size  and  screening- 

In  all  calculations  discussed  so  far,  the  finite  size  of 
the  nucleus  was  represented  by  the  simplest  model,  viz- , a uni- 
formly charged  sphere  of  radius  R,  equal  to  the  nuclear  radius- 
A more  realistic  charge  distribution  has  been  employed  by  Behrens 
and 'Bllhring' (1970)1  ivho  have  shown  that  the  influence  of  the 

shape  of  the  charge  distribution  on  the  Fermi  function  can  be 
{see  also  Asa!  and  Ogata,  1-974), 
neglected  in  most,  cases  ^ An  analytical  parametrization  of  the 

Fermi  function  and  of  the  integrated  Fermi  function  (for  a point- 
like nucleus),  of  the  screening  corrections,  the  finite  nuclear- 
size  effects,  and  of  the  dependence -of  allowed  p decay  on  the 
nuclear  radius  has  been  derived  by  V/ilkinson  (1970b,  197OC,  197  Odi 
I970e,  1972.1^,19730 jWilicinson  and  Macefield,  1974). 

2.4.2,  ' Allowed  Transitions 

For  allowed  transitions,  for  which  we  have  C(W)=C^=(^Fqqq)^ 
the  EC/P'*’  ratio  has. a very  simple  form: 

■=■  fj^/fp+  . (2-127) 

•This  ratio  consequently  does  not  depend  on  the  form-factor  coef- 
ficients, .just  like, the  capture  ratios-  However,  for  the  EC/P"’" 
ratio  there  are  two  effepts  that  can  lead  to  small  deviations 
-from  the  result  predicted  by  Eq.  (2-12?)!  - - 

(',i)  If  higher-order  terms  (Appendix  A2.l) 'contribute  sig- 
i^ficantly,  the  differences  between  and  C(W)  must-be  taken 
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into  account  [Sec.  2.1;  Eq.  (2-40)],  For  allowed  transitions,  the  cor- 
rection factor  of  Eq,  (2-127)  can  be  given  e;q>licitly.  Neglecting  terms 
(N) 

in  F. - (l,m,n,p)  and  form-factor  coefficients  of  rank  two,  we  fxnd 

J- 

13 

{Appendix  A2,l;  Behrens  and  Buhring^  1971) 

V^3+  " (Vfg+)  a+(A^+Y%)/aV)],  (2-128) 

where 

= (2/3)  { 2 (Wjj.+W)  - [1+  (7^Yj^  ) /W]  >H  F^Ol  ^ 

+ 2(3)"^^^[l+(y^Yi)/W]R(^F^JJjA^^J^)-{2/3)  (Wj,+W)  RaZ 
X [(1/9)  (^F^J[(1,1,1,1)/^f|°[)+(\^J^(1,2,2,1)/Fj[oJ^)] 

- (1/27)  WqR^  [20  (W^+W)  -2  [1+  (2y^Y^)/W]  , (2-129) 


= -(2/3)  [1+(p^Yi)A]R(^F^J[/'^Fq00)“(2/3)  (W^+W)RaZ 

x[(Vf<J>(1,2,2,1)/-F„^°J)-(-fS^1,1,1,^ 


+ (2/9)W^R2{2(W^+W)-[l+(p^Yi)/W]}(\^jyF^°^)  , 


(2-130) 


and  y - ^^qqq/^^^01'  th®  energy  W and  the  Coulomb  function 

> > 

are  averaged  over  the  3 spectrum  (Behrens  and  Janecke,  1969);  y^  stands 
for  [l-(aZ)^]^^^. 

Equations  (2-128)  to  (2-130)  also  apply  to  other  allowed  EC/3 
+ + + 

ratios  (Lj^/3  / ^2^^  ,.M^/3  ,...).  In  most  mixed  allowed  transitions, 
the  form-factor  coefficient  ^F^^q  is  isospin-forbidden. 
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and  hence  very  small-  Thus,  vie  .generally  have  y <<l(Blin-Stoyle, 

1975;  Beftsch  and  Mekjian,  1972)*  Hence  is  the  Important  cor- 
rection term.  The  form-factor  coefficient  ratio 

ativistic  over  nonrelativistic,  depends  sensitively  on  the  nuclear 
structure  and  is  difficult  to  calculate.  This  ratio  is  of  the  or- 
der ^^O.l.  The  ratios  1,1, 1,1)  ^fJ^q^(1,2,2,1)/f[qJ, 

and  however  be  estimated  more  easily.  -They  generally 

lie  in  the  range  0. 5-2.0.  Taking  into  account  only  the  latter 
'form-factor  coefficient. ratios  leads  to  the  estimate  A.j3-0.03  for 

■ Z=80.  ' 

(il)  A second  cause  for  deviations  of  the  EC/p+  ratio  from 
the  prediction  of  Eq.  (2-127)  lies  in  electromagnetic  radiative 
corrections  to  the  electron-capture  and  decay  -rates,  for  ex- 

■ ample  for  the  emission  of  internal  bremsstrahlung.  Radiative 

corrections  for  allowed  P transitions,  especially  for  the  supers 
allowed  transitions,'  have  been  discussed  extensively  (Mar- 
shak.^ » 1969;  Sirlin,  1967;  KSllen,  1967;  Dicus 

and  Norton,  1970;  Beg  ^ j ' 1972;  Jaus  an4  Rasche, 

1970;  Jaus,  197^  Slrlitt,  197^J  Roos,  197^1  Suzuki  and  Yokoo,1975) 
For  allowed  P transitions,  the  effect  of  'radiative  correc- 
■ tions  can  be  described,  first,  by. a renormalization  of  the  vector  ■ 
and  axiai-vector  coupling  constants, 


(2-131) 


aD, 

W'. 


(2-132)' 
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(Blin-Stoyle,  1973)  i second,  by  a known  modification  of  the 
P spectrum.  This  second  point  affects  the  integrated  Fermi  func- 
tion; 


f p+  f p+{l+6g(W , Z) }.  ( 2-133) 

In  Eqs.  (2-131)  and  (2-132),  C and  D are  the  so-called  model- 

dependent  radiative  corrections;  they  depend  on  details  of  the 

weak  and  strong  interaction  theories  (Sirlin,  1967!  KSllen,  1967; 

Dicus  and  Norton,  1970;  Beg  et  al,,  1972}  Sirlin,  197^1 

Roos,  197^;  Wilkinson,  1975TJ  These 

^model-dependent  radiative  corrections  cannot  as  yet  be  calculated 

without  ambiguity,  but  they  cancel  in  SC/P"’’  ratios  The  model- 

independent  radiative  correction  factor  Cl+5p(V^,Z)]  is  v;ell- 

known  to'  order  a (Sirlin,  1967?  Kfillen,  1967;  hicus  and  Norton, 

1970).  This  correction  factor  can  be  found,  for  example,  in  the 

work  of  Wilkinson  and  Macefield  (1970)»  where  semianalytical  for- 

2 2 3 

mulae  and  nomograms  are  given.  The  terms  of  order  Za  and  Z a 
have  also  been  calculated  (Jaus  and  Sasche,  1970;  Jaus,  1972). 

For  electron  capture  this  model-independent  part  of  the  radiative 
correction  differs,  however,  from  that  discussed  for  P"*"  decay. 
Unfortunately,  -no  explicit  calculation  has  been  carried  out  as  yet. 

Some  contrary  statements  notwithstanding  (Vatai,  1971,  l972b; 

Eman  efc  al.  , 1973)  » Behrens  and  Blihring  ( 197^) 

have  pointed  out  that  the  existence  of  second-class  currents, 
i.e.,  of  a- finite  value  of  f^,  does  not  significantly  affect 
EC/p+  ratios.  This  fact  follows  in  principle  from  the  equal! ty^^ 
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of  the  hadron  parts >' or  of  the  form-factor  coefficients,  for  elec- 
tron capture  and  P+  decay  CSec.  2*2.3^ ♦ 

Non-Unlaue  Forbidden  Transitions 

The  EC/P+  ratios  for  non-unique  forbidden  transitions  are 

proportional . to  an  additional  factor  C /C(VO  . The  quantity  C is 

given  by.  Eqs,  (2-44),  (2-105),  and  (2-1C6).  The  corresponding 

formulae  for  the  shape; factor  C(W)  can,  for  example,  be  found  in 

• ‘ ( 

the  papers  by  Behrens  and  JSnecke  (1969)  and'  in  Behrens  and  Bflhring 
(1971)-  These  formulae  show,  that  the  EC/p’*’  ratios  for  non-imique 
forbidden  transitions  generally  depend  on  the"  relative  values  of 
the  nuclear  form-facto'r  coefficients,  i-e«,  on  the  details  of  the 
nuclear  structure-. 

There  is  one  exception  from  this  rule,  however,  in  the  case 
of  non-unique  first-forbidden  transitions*  \iHien  the  Srapproxima- 
tion  CEq--  (2-115)3  is  applicable,  the  EC/P'*'  ratios  from 
states  are . independent  of. the  nuclear  matrix  elements,  and  have 
the  same  values  as  for -allowed  transitions.  The  applicability 
of  the  C-approximation  can  be  tested  experimentally  by  investi- 
gating the  shape  factor  of  the  p"*"  spectrum. 

2i4»4.  TTniousTorbldden  Transitions 
s t 

For  the  (Icl)  unique  - forbidden  transitions,  explicit  ex- 

pressions for  the  ratios  C^/C(w)  can  be  given.  The  formulae  for 
can -.be  taken  from  Eq-  ( 2-125)  1 and  for  C(V/),  for  example,  from 
the  viork  of' Behrens  and  JSnecke  (1969)-  We  find 
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f , 2(k  -1) 

C^/CW  =|C2k^-l)lC2(L-k^)+l3lj“^[p^ 

|^7^[I^p^^^"^^q^^^“^][(2ri-l)l[2(L-n)+l]!]“^|  . (2-134) 

Here,  is  a special  Coulomb  function  defined,  for  example,  by 
Behrens  and  J&aecke  (1969)*  As  before,  barred  symbols  denote 
quantities  averaged  over  the  P"*”  spectrum. 

For  K,  L^,  L^,  t^,  M^, ...  capture,  Eq.  (2-134)  takes  the 
simpler  form 

C^/C(W)  =:  C(2L-l)!]“^q^^^^^^ 


(2n-l)![2(L-n)+l3t 


X 


(2-135) 
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2.5.  Atomic  Matrix  Elements:  Exchange  and  Overlap  Corrections 

2.5.1.  Introduction 

According  to  the  usual  theoiry  of  allowed  orbital  electron  capture 
(Sec.  2.3),  the  probability  that  a K electron  is  captured  by  the  nucleus 
is 

Ajj.  “ gV51'J^jj.(0)P,  (2-136) 

where  G is  the  B-decay  coupling  constant,  q is  the  energy  of  the  neu- 
trino that  is  emitted,  5 is  the  appropriate  combination  of  nuclear 
matrix  elements,  and  I is  the  square  of  the  parent  atom's  Is  elec- 

tron  wave  function  at  the  nucleus.  In  Eq.  (2-136),  no  atomic  matrix 
elements  are  included. 

Benoist-Gueutal  (1950,  1953  b)  first  suggested  that  atomic  electrons 

must  be  included  in  a complete  description  of  the  nuclear  electron- 

capture  process.  She  estimated  the  effect  of  imperfect  atomic  overlap 

7 

on  the  total  electron  capture  rate  of  Be  by  calculating  the  electron- 

capture  probability  for  various  final  atomic  states.  Due  to  the  lack 

of  accurately  known  wave  functions  for  excited  Li  atoms,  Benoist- 

Gueutal  only  concluded  that  the  decrease  in  the  total  decay  rate  was 

less  than  30%.  Odiot  and  Daudel  (1956)  made  a quantitative  calculation 
37 

of  the  Ar  L-to-K  capture  ratio,  using  wave  functions  for  the  entire 

37 

atom.  Odrot  and  Daudel 's  prediction  of  0.10  for  the  Ar  L-to-K  capture 
ratio  has  svibsequently  been  verified  by  experiment. 

The  discrepancy  between  the  traditional  theory  of  electron  capture 
(Brysk  and  Rose,  1958)  and  experiments  on  L-to-K  electron-capture  ratios 
indicated  that  a critical  examination  of  the  theory  was  needed.  Bahcall 
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(1962a,1963a,b,  1965a)made  a comprehensive  study  of  the  role  of  atomic 
electrons  in  the  nuclear  electron-capture  process,  emphasizing  the 
importance  of  the  indistinguishability  of  electrons  and  of  the  change 
in  nuclear  charge  by  one  unit  from  initial  to  final  atomic  states, 
aspects  which  were  neglected  in  the  usual  theoiY-  Bahcall’s  work, 
ground-state  wave  functions  were  used  for  the  initial  and  final  atoms. 

The  importance  of  the  presence  of  an  inner-shell  hole  in  the  daughter 
atom  was  pointed  out  by  Vatai  (1968 b)« 

In  this  section,  we  consider  the  effect  of  atomic  overlap  .and 
exchange  corrections  on  the  total  electron-capture  rate  and  on  various 
subshell  capture  ratios.  We  also  discuss  the  calculation  of  atomic 
matrix  elements.  This  subject  has  recently  been  reviewed  by  Genz  (1973a) 
and  Vatai  (1973c  ) • The  calculations  of  electron  density  at  the  nuclear 
surface  are  discussed  in  Sec.  2.2. 

2.5.2.  Effect  of  Atomic  Overlap  and  Exchange on  Total 

Capture  Rates 

Bahcall  (1963a, b)  used  second  quantization  to  formulate  the  nuclear 
electron-capture  process.  For  allowed  transitions,  the  probability  per 
unit  time  that  a nucleus  will  capture  any  of  its  atomic  electrons  and 
leave  the  daughter  atom  in  the  final  state  [a'>  is 

l(A')  = G^5(2Tr)“^q^(A')M^(A')  (1+Y5)M(A')  , (2-137) 

where 

M(A')  E <A' i4>^(0)  |g>  (2-138) 

and 

q (A'  ) = lE  (G)  -E  (A’ ) -l]  . 


(2-139) 
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Here,  W_  is  the  difference/ between  initial  and  final  nuclear  masses; 

U ■*  j 

E(G)  and  E(a')  are  the  total  energies  of ' the  initial  and  final  atomic 
electrons,  including  their  rest  masses. 

If  one  uses  a single-particle  representation  of  |g>',  the  total 
electron^ capture  rate  can  be  written 


where 


is  the  usual'  total  electron  capture  rate.  We  have 

.2.-1-  I 1 2 


and 


X'.  ,s  -G  qds'nj^UjjCO)  I [-e  (Is  ■ )+e  (b' ) 
+ S^„Aq(-a')<Gla^|A'><A' jaj^lo]  , 


AX  ==  g(ls')  G^?Tr  ^ (0)  '4,  (0)Aq{A>) 


and 


and 


X <G[a^  |A'xA’|aj^  |g>, 


q(ls')  = W^+E(G)-E(G’)-e(ls'), 


(2-140) 


(2-141) 


(2-142) 


(2-143) 


(2-144) 


Aq(A')  = E(G')-E{A')+£(1s')',  (2-145) 

where 'e (Is' ) is  the  K binding  energy  in- .the  final  atom'. 

.The  second  and  third  terriis  in  Bq.  ■ (2-140)  are  the  contributions,  due 
■to  imperfect  atomic  overlap  and-' exchange  capture,  respectively.  By 
, applying  closure  to  sum  -the  electron-capture  probability  over  all  pps- 
'SibTe,  final  atomic  s-tates,  Bahqall  found  , 
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AJ_  3,  1 9^E(G) 

,0  - gCls-)  3^2 


(•2-L-46) 


and 


AA 


R23(0) 


(-)  ■ + E <b*2s|— |b'ls> 

'^^''23,  Is  b'  ^12 


(2-147) 


A g(ls')  R^^(O) 

The  contributions  of  overlap  and  exchange  are  of  the  opposite  sign-. 
They  partially  cancel  each  other  in  the  total  capture  rate.  The  net 
effect  on  the  total  capture  probability  does  not  exceed  a few  percent 
if  g(ls')  is  greater  than,  or  of  the  order  of,  50  keV. 


2.5.3.  Overlap  and  Exchange  Corrections  on  Capture  Ratios 
The  electronr-capture  rate , including*  the  atomic  matrix  element  in 
the  theory,  can  be* written 

Af  = i = K,L,M,N,...,  (2-148) 

where  ,'A„  is  the  transition  .rate  from  the  usual  theory  and'  B.  is  the 
" X ' X 

exchange-correction  factor  introduced  by  Bahcall  to  take  account  of  the 
exchange  .and  overlap  contribution. 

For,  allowed  transitions , the  L/K  capture  ratio  can  then  be  written 


For  unique  forbidden  transitions. 


the,  L/K  ratio  becomes 


'3(A'J-1)  (2AJ-1) 

g^  B 

-hJl 

■ ; .2 

2 B'  ■ 

- ' 

^ 

■ 1 . 

■ 

(2-149) 


(2r-150) 
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where 


(2-151) 


(2-152) 

j A g . ' " • 

'Aj-. 

•The  g's  are  .neutrino  energies  and.  the  g's,  charge -densities. .at  -the 
nuclear  surface. 

. -'in-Egs.'  (2-149)  and  (2-^150)  , the  difference  in  binding  ener^  among' 
the  L. subshells  has  been  neglected. 

A ■ similar- e:^res'sion  applies  for  M/L  capture  ratios: 


M 


M. 

V 


B.. 


M, 


(2-153) 


. L-  V V 

. Most  theoretical  and  esipeflmental ' work  has  been  done- bn  K,.  L and  M 
•capture  for  allowed  transitions.  Little  research  lias  been  performed  on 
N.‘ capture.  -We  proceed  to  review  various  theoretical  calculations  dealing 
with-.-^e  oyerlhp.  and  exchange  corrections . 


Bahcall's  approach.  -In' order  to  overcome  the  difficulty,  of  calcu- 
.lating.'  ^d  summing  an  infinite  number  of  separate  contributions  from  the 
. final  atomic  sta-tes,  Bahcali  (1962a«1963a,bi  1965a)ased  -the  following 
approximations:  (1)  The  innermost  electrons  are  almost  inert.  (2)  The 

'outer-;eiectron 'states  .{outside  the  3s  shell)  form  a. practically  .complete 
set.  (3)  The  energy  available  for  a given  nuclear  transition  is  nearly 
independent'  of  the  particular  states  occupied  by  the  outer  electrons  in 
‘the  final  atom. 
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Bahcall  separated  the  atomic  state  vectors  into  two  independent 


parts , 


|atomic>  = |inner>  x |outer>. 


He  then  invoked  closure  to  perform  the  sum  over  the  infinite  number  of 
final  atomic  states,  obtaining 

X.  = A?B.,  (2-155) 

1 11 

where  X?  is  the  usual  electron- capture  rate,  and  we  have 
1 

f.  ^ 

"i  = liTw)  • 

The  capture  amplitudes  are 

f(3s')  = <ls' jls><2s’  |2s>tp2g{0)-<ls'  |3s><2s' |2s>t()^^{0) 


- <2s ' ] 3s><ls'  I ls>i|i_  (0) ; 


f(2s')  = <ls' Ils><3s' |3s><]^2g(0)-<ls'  |2sx3s*  |3s>ijj^^(0) 
- <3s’ l2s><ls' lls>t|»_  (0)  ; 


f(ls')  = <2s' |2s><3s' |3s>i|)  (0)-<2s‘ |ls><3s' J3s>if(  (0) 


- <3s' llsx2s' |2s>i/)2g(0)  • 

Ihe  primed  orbitals  pertain  to  the  daughter  atom. 

The  Lj^-to-K  and  M^-to-L^  capture  ratios  can  be  written 


TK  / 


\ \ M /L 

1 / r 1 _ [ ^ 'Y  1 

V X.  B \\ 

^1  \ \ ^1  \ \ 
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where,  the  exchange  correction  factors  are 


L^/K 


.M  /L 
X 


K 


f{2s')ip,  (0) 

Is 


B, 


M 
• 1 


f(2s')ij.3^{0) 


(2-162) 


(2-163) 


To  compare  these  calculated  capture  ratios  with  measurements,  correction 
must  be  made  for  capture  from  p . states. 

To  calculate  the  atomic  matrix  elements  <ns* |ns>,  Bahcall  used 
noinrelativistic  Hartree-Fock  ground-state  wave  functions  for  parent  and 
daughter' atoms . (Watson,  I960;'  Watson  and  Freeman,  "1961b), 

The  following  comments  c^  be  made  on  Bahcall 's  theory:  , 

(1)  The-  assumption  that"-the  neutrino  energy  is  independent  of  final 
.states  'of  the  atom,-  and  the  use  of  -the  closure  approximation  wi-thout 
correction  for  occupied  s-tates,  tend  to' lead  toward  underfsst-ima-t-i  nn  of 
the  overlap  corre'ction. 

(2)  The  overlap  correction  is  small  for  K and  capture,  but  is 
much  larger  for  M..  capture  1 Therefore,  Bahcall ’s  approach  will' over-. 

■■  '•■■■'  - V^I  • 

estimate  the  M^-to-L^  capture  ratio-  correction  factor  X 

(3)  Multiple,  .exchange  processes  and  the  exchange  between  inner  ■ 
and  outer'  electrons  are  neglected - 

(4)  . 'The  effect  of  the ‘dinner-shell,  vacancy  in  the  daughter  atom  is' 
neglected. 

19738) 

\ 


Vatal*'s'  ansatz,^.''  Vatai  (1968^ p.970a  calculated -the- capture  transi- 


tion.-* to' 'the  most ’prominent  state  |a>  of  the  final  atom-  In  state  |A>, 
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except  for  the  captured  electron,  all  the  other  electrons  retain  their 
quantum  numbers.  Vatai  obtained  the  exchange  and  overlap  correction 
coefficients  as 

B.  = 

1 

and 

f (0)  <2s  ’ I 2s><2p ' 1 2p><3s  ’ I 3s> . . . 

- (0)  <2s'  j ls><2p'  |2px3s'  I 3s>. . . 

- (0)  <3s'  j ls><2s'  I 2s><2p'  1 2p>. . . 

(2-165) 

Similar  expressions  for  f and  f are  obtained  by  exchange  of  Is  with 

L M 

2s  and  Is  with  3s,  respectively,  in  the  f ejq)ression.  If  overlap  cor- 

K 

rections  for  p and  d electrons  are  neglected,  one  obtains  the  same  f^ 
expressions  as  those  of  Bahcall  [Eqs-  (2-157)  to  (2-159)]. 

In  Vatai 's  calculation,  the  effect  of  the  inner  hole  in  the 
daughter  atom  on  the  exchange  integral  is  estimated  by  perturbation 
theoary. 

Vatai  used  the  analytic  Hartree-Fock  wave  functions  of  Watson  and 
Freeman  (1961b)for  the  initial  state  and  as  unperturbed  wave  functions 
for  the  final-state  calculation.  He  estimated  the  overlap  correction 
for  the  inner. p and  d electrons  including  the  multiplicity  by  calculating 
the  overlap  integral  with  the  wave  functions  of  Watson  and  Freeman  for 
both  parent  and  daughter  atoms.  The  overlap  integrals  of  outer  electrons 
are  set  equal  to  1 in  Vatai *s  calculation. 

With  regard  to  Vatai 's  approach,  we  note  the  following  points: 


f . 
1 


’i'i(O) 


(2-164) 
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(1)  Some  contributions  due  to  processes  involving  shakeup  or 
shakeoff  are  neglected. 

(2)  The  use  of  perturbation  theory  to  calculate  the  exchange 
integrals  introduces  a discrepancy  of  10-40%  in  the  value  of  these 
integrals  compared  with  Froese's  HF  calculations  (Faessler  et  al. , 

1970) . 

(3)  The  overlap  corrections  are  only  rough  estimates. 

(4) '  Vatai , like  Bahcall,  neglects  multiple  exchange  processes . 

Faessler' s calculation.  Faessler  et  al.  (1970)  recalculated  the 
Bahcall  exchange  corrections,  taking  into  account  the  inner-shell  vacancy 
that  after  electron  capture  exists  in  the  daughter  atom.  Faessler  et  al. 

used  the  Herman-Skillman  (1963)  Hartree-Fock-Slater  and  Froese-Fischer 

♦ 

(1965,  1969)  Hartree-Fock  programs  to  calculate  hole-state  wave  func- 
tions and  exchange  and  overlap  integrals.  Although  some  of  the  exchange 
integrals  calc\ilated  with  the  two  programs  differ  by  as  much  as  50%, 
the  exchange  correction  factors  agree  to  within  3%.  This  indicates 
that  the  exchange  correction,  being  a ratio,  is  insensitive  to  the  model 
wave  functions,  due  to  cancellation  of  errors.  Faessler  et  al.  con- 
cluded that  the  influence  of  rearrangement  effects  on  the  L/K  and  M/L 
capture  ratios  is  far  too  small  to  accoxmt  for  the  discrepancy  between 
theory  and  experiment,  although  it  does  affect  the  theoretical  capture 
ratios  in  the  ri^t  direction. 

Relativistic  calculations.  Suslov  (1970a)  followed  Bahcall 's 
approach  and  used  relativistic  Hartree-Fock-Slater  wave  functions  to 
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calculate  the  exchange  and  overlap  corrections  for  14iZS98.  The  wave, 
functions  were  obtained  by  numerical  integration- of  Dirac' s.  equation/, 
using  a nonrelativistic  potential  (Herman  and  Skillman/  1963)  for 
14^zS7-3,  and  an  analogous  relativistic  potential  (Libeirman  et  al . , 
1965)  for  Z-74.  Finite  nuclear  size  was  included  through  the 
uniformly-pharged-sphefe  model.  .For  15$ZS37,  the  new  relativistic 
values  of  B , B , B , and  X^l"^^!  are  quite  close  to  Bahcall's 

K hi  Ml  . ■ 

(1963a,  b)  results;  the  differences  do  not  exceed  5%.  For  Zl38,  the 
exchange  correction  decreases  as  Z increases,  and  for  large  Z it  is 
nearly  constant-  The  relativistic  ixch'angeicorrected  capture 
ratios  do  not  narrow  the  gap  between  theory  and  e:q)eriment. 

Martin  and  Blichert-Toft  (1970)  performed'  another  relativistic 
calculation  of  electron-capture  ratios  for  6^zS98  using  the  same 
approach  as  Vatai's.  The  required  wave  functions  and  electron 
■radial  densities- were  calculated  with  a relativistic  Eartree-Slater 
program  with  finite -nuclear  -size . - The  K and  electron  radial 
density  at  the  nuclear  surface,  calculated  by  Martin  and  Blichert-^ 
Toft  (1970) , agrees  with  other. calculations  (Zyryanova  and  Suslov, 
1968;  Behrens  and  Janecke,-  1969;  Winter;  1968;  Suslov,  197Ca)within 
1%,-  ahd  the  exchange-overlap  factors  agree  very  .well  with  the  pre- 
sent results  based  on  Vatai's  approach. 
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'2.5.4.  'Evaluation  of  Atomic  Matrix  Elements. 

Atomic  matrix  elements  <ms'|ns>  are  not  only  required  for  the 
calculation' of  exchange -and  overlap  corrections,  but  also  , for  deter- 

■ mining- autoionization  rates  in  P-decay  and  electron-capture,  transitions, 
and '.for  shake-ug  calculations  (Sec.  5) . The  degree  of  orthogonality  of 
the'  wave  functions  is  the  important  point  in  the  evaluation  of  the  over- 
lap ^ integrals  '<ins'-|ns>.  Ove'rlap  integrals  "that  involve  groundvstate 
wave-  functions  frpm  parent  to-  daughter  atoms  are  not  very  sensitive  to 

■ the  choice  of-  the  atomic  potential,  because  'the  inner  shells  are  "closed 
shells.  Overlap  -integrals  calculated  with  the  analytic  Hartree-Fock 

-wave  functions  of  Watson  and  Freeman,  with  Herman-Skillman-Hartree- 

Fock-S later  wave- functions,  'or  with  Froese-Fischer  Hartree-Fock  wave 

,'fmctipns,,- all  agree  to  better  than  5%  (Faessler  , 1970).  However,  ■ 

for, calculations;  of- inner-shell  vacancy -states  (e.g. , Is  and  2s  hole 

states)  , -the  atomic-  model  is  important,  as  the  hole-state  waye  functions  ' 

:''are-;sensiti've’to’ the  potential.'  In  the  Herman-and-Skillman  (1963)  code, 

sijigie  electronic  configurations  having  open  shells  are  treated  on  the 

same,  basis,  as  configurations  having  only  closed -shells . Consequently, 
'*-•*.►*  ‘ * * 1 
■the  wave  function  of  an  electron  in  an  open  shell  is  no-t  necessarily 

orthogonal- to  a single-electron  wave  function  -that  describes  an  electron 

■of  the  same  symmetry  species  and  in  the  same  configuration,  but' from  a 

•closed' shell'.  For  example,  the  Is  electron  wave  function  for  an  atom 
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with  a K vacancy  may  not  he  orthogonal  to  the  2s  wave  function  of  the 
atom,  if  it  has  a full  subshell.  The' overlap  integrals  between  open- 
shell  -and  closed-shell  single-electron' wave  functions,  involving  the 
gromd  state  of  the  parent  atom  and  a deep  hole  state  of  the  daughter, 
-can  therefore  contain  a sizable  errpr  if  it  is  computed  with  Herman- 
.Skillnian  wave  functions  .(Faessler  et  al.',  1970) . 

In  Froese-Fischer’s  (1965,  1969)  and  Bagus'  (1964,  1965)  approaches, 
the  - orthogonality  between  self-consistent  field  orbital  wave  functions 
with  the  same  symmetry. is.  taken  into  account  by  introducing  off-diagonal 
Lagrahgiah  multipliers  into ‘the  Hartree-Pock  equations.  For  closed 
shells,,  a imitary  transfoimation  can  be  found  between  the  occupied 
orbitals,  such  that  the  Lagrangian  multipliers  are  in  diagonal  form. 

The  'additional  requirement  -that  -the  off-diagonal  Lagrangian  multipliers 
be  zero  serves  as  a unique  definition  of  the  self-consistent  field 
orbitals.  For  open-shell  systems,  it- is  not  possible  to  reduce  the 
Lagrangian  multipliers , tiat  couple  open  and  closed  shells  of  the  same 
symmetry  to  .zero  (Roothaan,  I960;  Roothaan  and  Bagus,  1963). 

The  Ne-like  and  hrtlike  ns  hole  states  have  been  calculated  by 
•Bagus  (1964,  1965)'.  The  off-diagonal  Lagrangian  multipliers  between 


open;  and  closed' shells '0  , are  large  for  Is- hole  states  and  become 

smaller  for  3s  hole  states.  The  effect  of  including  -the  off-diagonal 
Lagraingian  multipliers  for  Ar-like  ions  is  that  the  Is  orbitals  of  the 
Is-hble  states  .have  a node;  an  extended  tail  appears  in  the  Is  wave 


(2-166) 
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The  features  introduced  by  the  off-diagonal  Lagrangian  multipliers 
in  the  Froese-Fischer  Hartree-Fock  hole-state  wave  functions  explain 
the  differences  between  overlap  integrals  obtained  by  using  Herman- 
Skillman  and  Froese-Fischer  wave  functions  in  the  work  of  Paessler 
^ ■ (1970)  . 

To  resolve  the  discrepancy  between  the  overlap  matrix  elements 
<n’ljnl>  of  Faessler  et  al.  and  of  Vatai/  we  have  recalculated  these 
matrix ■ elements'  for  Ar  K-,  L-,  and  M-capture  with  Bagus'  accurate 
analytic  .Hartree-Fpck’  Ar  ground-state'  and  Cl  ns  hole-state  wave  func- 
tions (Bagus,-  1964).  Our  results -.from  Bagus*  wave  functions  agree  with  t. 
overlap'- ma-trix  elements  calculated^by  Faessler  et  al.  (1970)  with  the 
Hartree-Fock  program  of  Froese-Fischer  tO  better  than  Vf»* 

2.5.5.  Comparison  Among  Theoretical  Exchange 
Corrections  to  Capture  Ra'tios  ' 

In  Sec.  2.5.4,  we,  have  described  evidence  that  the  Hartree-Fock 

program  of  Froese-Fischer-;  is  Best  suited  for  the  evaluation  of  the 

exchange  and  overlap  integrals.  We  have  therefore  recalculated  the 

exchange’  correction"  factors  using  the  Froese-Fischer  program  (Froese- 

Fischer,  1972a  ) a.nd  have  included  -^e  effect  of  'the  ns  hole  present  in 

th'e  daughter  atom..’ - Two  sets- of  values  were  computed,  one  based  on 

Bahcail ’ s . approach , the  ether  "following  Vatai 's  ansatz  that  includes 

.the  overlap  correction  for  both  inner  and  outer  electrons  (Table  2.11)." 

The.  results  compu-ted  by  various -workers  according  to  Bahcail 's  approach 

(Faessler  et  ai. , 1970;  Suslov,  1970 a} Bahcail,  1963a,b,  1965a, and  our 

(Table  2.i2)» 

present ’calculations)  agree  very  well"  (wi-thin  5%jy^  The  results  of 
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Martin  Blichert-Toft-  (1970)  coincide  with  our  present  calcula- 
-t-ions  baSed  on  Vatai'^  approach.  In  Figs.  2-2  and  2-3,  the  exchange 
correction  factors  X and  X are  shown,  as  recalculated  by  us 

•with  the  Froese-Pischer  (1972a)  code.  For  comparison,  the  results 
from  the  two.  relativistic  calculations  (Suslov,  1970a;  Martin  and 
Biichdft-Toft,  1970)  are  also  included.  In  general,  the  results  from 
Vatai's  approach  are  smaller  than  those  following  Bahcall's  theory. 

2.5j6s  Correlation  Effects  in  Electron-Capture  Ratios 
All  theoretical  work  reviewed' in  Sec.  2.5.3  contains  the  ' 
independent-particle-  approximation.  Effects  due.  to  electron  correla- 
tions are  neglected. 

. Goverse-and  Blok  (i974c)have  observed  that  the  ej^erimental  L/K 
capture  ratios- seem  to  oscillate  about  the  theoretical  curve,  and  sug- 
gested that  correlation  effects  between  the  orbital  electrons  might 
cause  this  discrepancy-.  • This  assertion  remains  to  be  proven. 

'2. 5. 7-.  Conclusion 

5?he  exchange  and  overlap  correction  factors  are  not  very  sensitive 
to  the  choice  of  the  atomic  potential,  due  to  oompensa-tion  between  the 
'electron  denhxty  -ht  the  nucleus  eind  the  atomic  matrix  element  <ns|ms’>- 
importance  Of  including  ah  appropriate  inner-shell  bole  in  the 
daughter  atom  after  electron  capture,  stressed -by  Vatai  (1968b,  1970a),- 
i's  -not  borne  out  by  the  'work  of'  Paessler  et  al.  (1970)  nor  by  our  .pre- 
sent calculations,  if  .Bahcall's  approach  Is  followed.'  On  the  other 
hand',:"  the-  presence  of.  the  inner  hole  has  a significant  effect  on  these 
correction  factors  1$  they  are  oalGulated  with  “Vatai's  .formulae- 
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The  effect  of  exchange  on  electron-capture  ratios  has  been  treated 
in  a similar  way  in  the  two  existing  theories,  those  of  Bahcall  {1963a, b, 
1965e^  and  Vatai  (1970) , while  the  overlap  corrections  are  treated  dif- 
ferently. Because  the  overlap  corrections  are  important  for  low-Z 
elements,  the  difference  in  exchange  and  overlap  correction  factors 
between  Bahcall 's  and  Vatai' s approaches  shows  up  clearly  in  light 
atcans. 

Our  recalculated  correction  factors  permit  a direct  comparison  of 
results  based  on  Bahcall 's  and  Vatai 's  approaches.  Vatai 's  formulation 
causes  an  underestimation  of  L/IC  capture  ratios  at  low-Z,  but  leads  to 
M/L  capture  ratios  in  fair  agreement  with  experiment.  On  the  other 
hand,  Bahcall 's  approach  yields  better  agreement  to  L/K  ratios  with 
ej^eriment,  but  overestimates  the  M/L  capture  ratios. 

To  solve,  this  problem,  a -new  calculation  is  needed  in  which  overlap 
corrections  are  treated  more  carefully.  Electron  correlation  must  be 
included,  at  least  by  means  of  configuration  interactions.  More 
accurate  experimental  capture  ratios  in  the  low-Z  region  are  needed  to 
provide  a better  test  of  theory. 
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3‘.  EJCPERIMENTAL- METHODS  AND  results 


-]TKe  ejjperimental  determination  of  nuclear  electron-capture  ratios 
from  various  atomic  shells  and  of  K-capture  to  positron-emission  (K/3^) 
ratios  Kas  been  the  subject  of  considerable  effort  because  of  the 
importance  of  these  quantities  in  various  contexts.  Aspects  of  ofhital 
electron  capture  have  been  reviewed  by  Robinson  and  Fink  (1^55,  i960) , 


Bouchez  and  Depommier  (1960,  1965),  Depommier  (1968),  Fink  (1965>  1966, 

. • ■ 1965a, 

1968>  1969) , Berenyi  (1963a, ^1968a) , Genz  (1971b,  1973a) , and  Fitz- , 
Patrick  (1973);  In  recent  years,  several  new  measurements  of  L/K, 

,M/L  and  K/B  ratios  have  been  performed  and  much  effort  has  been  devoted 
. to  reducing  ejqjerimental  uncertainties',  so  that  comparisons  can  b.e  made 
with' different  theoretical  calculations  of  atomic  wa've  functions  and  of 
electrori  -exchange  arid'  imperfect  atomic  'wave-fiitictibn  overlap  effects'; 

In  this  section  we  clas.sify  -the  methods  enroloyed  to  determine 
capture". ratios  and  coi^are  their  potential  reliability,-  From  the  vast 
body  of'  es^erimental  data  reported  in  the  literature , we  select  a 
limited  list  of  captxire  and.I^g-  ratios  that  caii  be  considered  highly 
reliable. and  use  these  values  for  comparison  with  theory. 

Relative  trMsitioh  probabilities  are  commonly  used  in  experimental 
work;  these  are  related  as  follows  to  the  transition  probabilities  per 
unit  time  as  defined  in  Egs.  (2-27) ; (2-28)  arid  (2-43)-: 


P-  = — 
EC  X 


tot 


tot 


^B-  ■ A 


(3-1) 


tot 


C'-z, 
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where 


v^. 


(3-2) 


and 


X ' \ X ' \ X ' 

c c c 


(3-3) 


where 

P + P + P + . . . = 1,  (3-4) 

L . 

Corresponding  relations  hold  for  capture  from  subshells. 

The  probability  of  orbital  electron  capture  from  the  K shell  or 

from  any  of  the  L or  M subshells  depends  upon  the  nature  and  energy  of 

the  transition.  The  capture  process  cannot  be  detected  directly  because 

of  the  extremely  low  interaction  probability  of  the  emitted  neutrino. 

The  capture  rate  can  therefore  only  be  determined  from  the  intensity  of 

subsequently  emitted  radiation,  such  as  x rays-  or  Auger  electrons  given 

off  during  reorganization  of  the  electronic  cloud  after  capture  and 
. ^ > 

y rays  or  conversion  electrons  from  the  daughter  nucleus.  In  principle, 

the 'recoil  of  the  final  nucleus  can  also  be  measured,  but  the  recoil 

3tinetic  .energy  is  always  very  small..  The  largest  recoil  (57  eV)  occurs 
7 7 

in  'the  transition  Be  Ll. 

.Methods  for  measuring  capture  probabilities  vary  according  to  the 
decay  scheme  of  the  radionuclide,  the  energy  and  relative,  intensity  of; 
the  emitted  radiation,  available  detectors, • and  requirements  for 
necessary  corrections.  The  methods  can  be  classified  according  to  the 
infonnation  they  provide. 

One  group  of  methods  yields  ratios  of  capture  probabilities  from 
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■ different  shells/ 


(3-5) 


From -these  ratios,  a consistent  set  of  capture  probabilities  can' be 


'■  deduced  with  the  -aid'of  E<J.  (3-4) : 


(3-6) 


Equations  (3-6)  can  also  be  used  with  reliable  theoretical  capture 
ratios. 

■ Some  methods  pertain  to  situations  in  which  the  L and  M x-ray  or 
Auger-electron  peaks  cannot  be  resolved.  Such  methods  lead  to  the 
determination  of' a capture  ratio  P from  which  the  relative  K- 

capture  probability  can  be  obtained  directly: 


(3-7) 


- In  several  other  methods,  P„m  is  determined,  where  is  the 
' K K K 

K-shell  , fluorescence  yield.'  With  the  .appropriate  value  for.  .to 

K 

(Bambynek  et  al. , 1972) , the  relative  K-capture  probability  can  be- 

calculated.  . . , • ■ 

If  the  transition  energy  exceeds  twice  the  electron  rest  energy 
2 ' ■ - • 

(2mc/)  then  positron  emission,  is  possible  as  an  alternative  nuclear 
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decay  process.  In  such  cases,  it  is  of  interest  to  measure  ratios  of 
K-capture  to  positron-emission  probability  or  of  the  total  electron- 
capture  to  positron-emission  rate. 


"EC 


^3+ 


(3-8) 


Table  3.1  contains  a compilation  of  methods  reported  in  the 
literature;  these  are  discussed  in  Secs.  3.1,  3.2,  and  3.4.  The  usual 
corrections  for  background,  dead  time,  detector  efficiency,  etc.,  are 
taken  for  granted. 


3.1.  Determination  of  Capture  Ratios 
Capture  ratios  have  been  determined  both  with  external  and  internal 
sources.  In  general,  it  is  difficult  to  measure  capture  ratios  with 
external  sources,  because  large  corrections  Eire  required  for  so\orce 
self-absorption , air  scattering,  window  absoiq)tion,  and  fluorescence 
yields.  During  the  last  few  years,  capture  ratios  have  therefore  more 
frequently  been  meastired  by  internal- source  techniques  in  which  these 
difficulties  are  avoided,  provided  the  radioactive  atoms  can  be  dispersed 
throughout  the  sensitive  volume  of  the  counter.  Internal-source  methods 
fall  into  two  major  classes:  at  low  atomic  numbers,  gaseous  compounds 

are  mixed  with  the  counting  gas  of  a proportional  counter,  while  at 
high  Z crystal  scintillators  are  preferred  that  have  the  radioactive 
atoms  built  into  the  lattice,  thus  minimizing  distortions  due  to  escape 
of  X rays  from  the  sensitive  counter  volume. 
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.1.1.  Spectrometry  with  Internal  Gas  Sources 

A radioactive  gas  or  the  vapor  of  a radioactive  metal-organic 

compound  is  added-  to  the  counting  gas  of  a proportional  counter.  The 

proit5>t  cascade  of  x rays-  and  Auger  electrons,  which  follows  the  capture 

event,  is  integrated,  by . the.  detector  to  produce  a single  K peak  a-t  .the 

K-electron  binding- energy  of  the  daughter  atom,  similarly,  L,  M,..,. 

peaks  are  produced  by  events,  from  higher  shells.  It  is  usually  assumed 

that  all  L and- M' X rays  and  Auger  electrons  are  completely  absorbed 

inside' the- counter.  However j as  Vatai-  (1968d,  1970b)-  has  pointed  out,  . 

■the  escape."  of 'Ii- X rays  is  not  always -negligible  a priori,  'and  becomes 

especially-  important’  if  the  L,  x-ray- energy  lies  just  below- the  K— shell. 

binding  energy  of  -the  counter  gas.  The  L peak  contains  a contribution 

froiB  'K-Tcaptt^e  events. which  arises  from.K  x rays  -that  escape  from  the 

sensitiye. -volume,  of' the.  counter,  ■ 

T^ical-.K,  L,  and  M' peaks  from;  an  internal  Ge.  source  are. shown 

in  Fig.  - From  the  measured-  intensities,-  of  these  peaks-, 

“ ' * . • ^ . ix'  Xi  rl'> 

"the;  ratio -o.f' -capture;  probabilities,  can  be.  deduced: 


K Ky . 


(3-9)- 


P-  I-  - P P- 

...M'  ..'.^[1-  P k ] — — ^ P'  k 

•Pr  I Ka  a-'’  KP  e*. 

Zj  • Zf  Xj  Xj 


- P 0)  L-  [l  +-  k ] • 

Ka  L.  a,  . ■ P ,K  Ka  a 
' L 


(3-10) 
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Here,  w and  u are  the  K-  and  L-shell  fluorescence  yields  of  the 
K L ^ 

daughter  atom,’  and  k , kii,  and  t the  fractions  of  Ka,  K3',  and  La 
^ a 3 a 

X rays  in  the  K and  L series.  The  K and  L x-ray  escape  probabilities 
from  the  detector  sensitive  voliome  are  denoted  by  and 

IvCC  IvP  ijCC 

There  are  two  limiting  cases.  The  first  of  these  is  Method  1 of 
Table  3.1,  in  which  escape  of  x rays  from  the  counter  volume  is  avoided. 
Then  Eqs.  (3-9)  and  (3-10)  have  the  simple  form 


^ V 


"M 


M 


(3-11) 


absence  of  x-ray  escape  can  be  realized  approximately  when  the 
coxmter  is  operated  at  high  pressure.  Gas  fillings  of  argon-propane  and 
argon-methane  mixtures  at  up  to  22  atm  have  been  used.  Since  the 
development  of  the  wall-less  multiwire  proportional  coiinter  (Drever 
et  al. , 1957a,  1957b),  this  type  of  detector  has  been  employed  success- 
fully by  various  groups.  The  principal  advantage  of  such  a multiwire 
counter  is  that  escape  can  be  made  very  small.  A central  counter  is 
surrounded  by  a ring  of  additional  counters  (Fig.  3-2).  An  inner 
circle  of  wires  serves  as  the  cathode  for  the  central  counter.  Alternate 
wires  in  an  outer  circle  serve  as  anodes  and  cathodes  of  a set  of  ring 
counters-  The  sensitive  volume  of  the  detector  is  then  separated  into 
two  parts.  The  main  central  counter  and  the  ring  counters  are  operated 
in  anticoincidence. 

A block  diagram  of  electronics  for  the  operation  of  a multiwire 
proportional  counter  is  shown  in  Fig.  3-3.  Negative  high  voltage  is 
often  applied  to  the  outer  case  of  the  coimter  and  to  the  field  tubes . 
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This  approach  is  superior  to  grounding  the  cathode  and  using  positive 
high  voltage  on  the  center  wire,  with  a large  potential  difference  across 
the  coupling  capacitor  between  center  wire  and  the  first  preamplifier 
stage>  leading  to  problems  of  leakage  and  spurious  discharge. 

For  the  determination  of  L/K  ratios  at  2<20  and  M/L  ratios  at  Z<40 
it  is  necessary  to  detect  Auger  electrons  and  soft  x rays  below  500  eV, 

, down  to  a few  eV.  Most  recent  advances  in  low-energy  proportional- 
counter  technique  are  related  to  the  electronic  system  (Dougan  ^ al. , 
1962a;  Renier  et  al. , 1968;  Genz  et  al. , 1971a) . Proportional-counter 
spectrometry  of  radiation  below  ''^500  eV  is  affected  by  certain  problems 
that  are  less  important  or  negligible  at  higher  energies:  (1)  After- 

pulses from  primary  ionizing  events  can  occur  (Dougan  et  al. , 1962a; 

Renier  et  al. , .1968;  Genz  et  al. , 1971a;  Campion,  1968,  1973);  (2) 
degradation  tails  from  peaks  of  higher  energy  can  appear  (Renier  et  al. , 
1968;  Genz  ^ » 1971a;  Heuer,  1966;  Vaninbroukx  and  Spernol,  1965; 

Spemol,  1967);  (3).  small  pulses  can  be  mutually  induced  between  ring 
and  center  counters  in  multiwire  detectors  (Genz  ^ al. , 1971a;  Drever 
et  al. , 1957) ; (4)  the  anticoincidence  gate  may  cause  front-  and  back- 
edge  clipping  of  large  pulses,  producing  smaller  pulses  (Dougan  et  al. , 
1962a;  Renier  ^ al. , 1968;  Genz  ^ , 1971a) ; (5)  large  deadtime 

may  arise  when  radiation  of  higher  energy  is  present  in  high  intensity 
(Dougan  et  al. , 1962a;  Renier  ^ al. , 1968;  Genz  et  al. , 1971a) . The 
electronic  system  shown  in  Pig.  3-3  is  designed  to  overcome  these 
problems,  except  for  long  deadtime  and  degradation  tails. 

The  shape  of  the  spectrtan  produced  by  events  between  a few  and  500  eV 
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depends  on  the  initial  number  of  ion  pairs.  The  energy  required  to 
produce  an  ion  pair  in  an  argon-propane  mixture  is  'v/2-7  eV.  ■ Peaks  pro- 
duced by  several  ion  pairs  can  be  satisfactorily  fitted  with  a Poisson 
distribution  {Campbell  and  Ledingham,  1966) , while  the  spectrum  due 
to  single-electron  events  cannot  be  represented  accurately  by  an 
ejq>onential  or  quasi -exponential  function,  as  it  varies  with  gas 
multiplication  (Gold  and  Bennet,  1966;  Genz,  1968,  1973b) . 

Corrections  for  several  effects  must  be  applied.  (1)  Escape 

probabilities  P and  P of  Ka  and  K3  x rays  from  the  sensitive 
KOt  Kp 

volume  of  the  counter  must  be  accounted  for.  These  escape  probabilities 
can  be  separated  into  the  additive  probabilities  P^,  that  a K x ray 
escapes  from  the  central  counter  through  the  ends,  P^,  that  a K x ray 
escapes  from  the  central  coxanter  and  hits  a cathode  wire,  and  P^,  that 
an  X ray  escapes  from  the  central  counter  and  passes  through  a ring 
counter  without  being  detected.  All  these  corrections  can  be  kept 
below  1%.  A careful  study  of  the  escape  probability  in  multiwire 
counters  has  been  made  by  Vatai  (1970b) . (2)  An  important  correction 

must  be  made  for  degraded  L and  K events  in  the  energy  region  below  the 
peaks.  The  total  contribution  from  such  events  can  be  determined  by 
extrapolation  parallel  to  the  energy  axis  to  low  energy,  as  has  been 
demonstrated  down  to  80  eV  (Genz  ^ , 1971a) . The  degradation 

correction  can  amomt  to  several  percent  but  has  not  been  taken  into 
account  in  many  Investigations.  This  leads  to  appreciable  differences 
in  results  (Heuer,  1966;  Totzek  and  Hoffmann,  1967;  Genz  et  al. , 1971a; 
Pengra  et  al. , 1972).  (3)  Condensation  of  radioactive  metal-organic 
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vapor  on  the  counter  wall  can  lead  to  an  increase  in  background.  (4) 

Values  of  the  fluorescence  yield  u and  of  the  Ka/K3'  x-ray  intensity 

K 

ratios  can  usually  be  taken  from  literature.  The  largest  source  of 
error  in  this  method  arises  from  the  uncertainty  in  the 
intensity  ratio-  In  the  determination  of  M/L  capture  ratios,  errors  in 
P_/P„  largely  cancel  [see  Eg.  (3-10) ] . Uncertainties  in  k and  k have 

li  K CX  P 

been  greatly  reduced  since  the  new  calculations  of  Scofield  (1974) 
became  available,  which  agree  very  well  with  experiment  (Scofield,  1975). 

If  trauisitions  take  place  to  several  levels  in  the  daughter 
nucleus,  then  only  mean  capture  ratios  are  measured.  Several  of  the 
most  reliable  mean  ratios  have  been  measured  by  internal  gas-source 
spectrometry.  In  the  use  of  nuclides  that  decay  by  electron  capture  to 
a level  that  is  deexcited  by  a y transition,  coincidences  can  be  mea- 
sured between  K and  L events  detected  in  a multiwire  counter  and  y rays 
detected-  with  Nal (Tl)  scintillators  surrounding  the  proportional  ■ 
counter , The  capture  ratio  for  transitions  to  the  excited  state  can 

be  deduced  from  the  measured  intensities  I_  and  of  L and  K 

L-y  K-y 

events  gated  by  the  y rays.  Equation  (3-9)  applies,  with  I and  I 

Jj  iC 

replaced  by  analogous  procedure  can  be  employed  in 

M/L-ratio  measurements.  In  addition  to  the  corrections  already 
mentioned,'  accidental  'and  sum  coincidences  must  be  taken  into  account. 

In  'the  second  limiting  case  of  internal  gas  spectrometry  (Method  2 
of  Table  3.1),  all  K x rays  are  allowed  to  escape  from  the  sensitive 
volume  of  the  counter.  Then  we  have  and  1,  Eq.  (3-9)  yields 

j-  - 

K K 


(3-12) 
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and  Bq.  (3-10)  becomes 


P P 

— (1)  k J — — , 
Xi  Ij 


(3-13) 


Here,  L x-ray  escape  is  considered  negligible.  Ejqjerimentally,  total 
K x-ray  escape  has  been  approximated  with  single-wire  proportional 
counters  filled  with  a low-Z  gas  at  low  pressure  (Pontecorvo  ^ al. , 
1949?  Langevin,  19541:^1955,  1956?  Langevin  and  Radvanyi,  195^  1955? 
Radvanyi,  1955a?  Scobie,  1957a;  Kiser  and  Johnston,  1959).  Corrections 
are  needed  to  account  for  (1)  non-escape  of  K x rays,  (2)  escape  of  L 
X rays,  (3)  wall  and  end  effects,  (4)  . the  fluorescence 

yield  and  (5)  the  fraction  k^  of  Ka-  x rays  in  the 

total  x-ray  group.  Additional  uncertainties  may  arise  from  separation 
of  the  K and  L peaks  and  from  their  degradation  tails. 

With  single-wire  proportional  counters  containing  a gaseous  radio- 
active source  mixed  with  the  counter  gas,  reliable  measurements  are  no 
longer  limited  to  events  with  energies  above  '^'200  eV.  Recent  advances, 
in  single-wire  proportional-counter  techniques  (No.  3 in  Table  3.1) 
have  extended  the  sensitivity  of  precision  measurements  to  make  possible 


the  detection  of  single-  and  few-electron  events  down  to  essentially 
zero  -energy,  even  in  the  presence  of  intense  more  energetic  radiation 
(Fink,  1968?  Genz,  1968,  1973a).  These  iinprovements  were  attained  with 
more  sophisticated  low-noise  electronics  and  through  an  understanding  of 
the  degradation  spectrum  (Genz  ^ al. , 1971a)  and  of  after-pulses 
(Genz  ^ al. , 1968) . Single-  and  few-electron  peaks  have  been  resolved 
on  the  basis  of  their  spectral  shape  (Renier  ^ al. , 1968)  or  by  fitting 
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a Poisson  distribution  (Genz  et  al. , 1971a,  1972;  Pengra  et  al . , 1972). 

The  techniques  of  single-electron  spectrometry  have  been  applied  by 

Renier  et  al.  (1968)  in  a precision  measurement  of  the  M/L  capture 
37 

ratio  of  -Ar.  In  this  case,  the  peak  due  to  capture  of  L-shell 
electrons  has  a mean  energy  of  280  eV,  and  the  M spectrum  is  a single- 
electron peak  because  the  energy  released  in  a capture  event  ("vS  eV)  is 
lower  than  that  required  to  produce  an  ion  pair  ('v>26 .5  eV  in  argon- 
propane)  . The  spectrum  due  to  single  electrons  was  determined  e:q>eri- 
mentally  by  introducing  ultraviolet  photons  into  the  counter  to  produce 
photoelectrons  of  only  a few  eV.  This  experimentally  determined  single- 
electron spectrum  was  fitted  in  the  M region  (Fig.  3-4)  of  the 
composite  M and  l.  spectrum  (Fig.  3-5)  and  extrapolated  to  zero  energy. 
The  small  afterpulses_  which  may  follow  a primary  event  in  the  counter 
gas  were  kept  from  entering  the  analyzer  by  introducing  an  electronic 
paralysis  time  of  up  to  3.8  ms  following  each  primary  pulse.  A block 
diagram  of  the  electronic  circuit  is  shown  in  Fig.  3-6. 

The  principal  errors  in  this  method  arise  from  fitting  the  single- 
electron spectrum  to  the  M-peak  shape  and  from  establishing  the  zero- 
energy  calibration  of  the  analyzer.  The  spectrum  must  be  corrected  for 
background  and  degradation  tails.  The  ratio  is  a very  sensitive 

function  of  k , but  it  is  rather  insensitive  to  m [Eq.  ( 3~13) ] . 
ct  2C 

Internal  gas’  spectrometry  for  the  precision  determination  of 
electron-capture  ratios  is  limited  to  sources  with  atomic  numbers  below 
'^50,  because  with  heavier  atoms  too  many  x rays  escape  from  the 
sensitive  counter  volume,  even  at  high  counting-gas  pressures.  Although 
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this  escape  probability  can'  be  calculated  in  principle,  the  accuracy 
of  the  measurements  is  severely  affected. 

In  earlier  days,-  some  L/K  capture  ratios  were  determined  by 
measuring  trajectories  produced  in  a cloud  chamber  by  K.and  L events 
from  a radioactive  gas  (Radvanyi,  1952a,  1955a) . This  approach  is 
included  in  Table  3.1  for  historical  reasons  as  Method  4. 

3.1.2.  Spectrometry  with  Internal  Solid  Sources 
The  internal  gas  spectrometry  technique  fails  at  high  Z because 
too  many  K x rays  escape.  To  circumvent  the  problem,  the  proportional 
counter  can  be  replaced  by  scintillation  crystals  if  the  radioactive 

atoms  can  be  built  into  the  crystal  lattice  (der  Mateosian;  1953) . 

\ 

From  -the  measured  intensities  of  K,  L,  and  M events  the  capture  ratios 
can  then  be  deduced.  The  advantage  of'  the  method  (No.  5 in  Table  3.1) 
is  that  self- absorption  of  the  emitted  radiation  can  be  neglected. 

It  is  required,  however,  that  the  scintillation  behavior  not  be  dis- 
turbed by  addition  of  the  source  material.  Clustering  must  be  avoided. 

The  source  crystal  can  be  placed  directly  on  the  photocathode  of 
the  multiplier  tube.  . Groups'  at  Heidelberg  have  used  Nal  (Tl)  and 
Csl  (Na)  c^stals  doped  with  appropriate  isotopes  for  the  determination 

of  electron-capture  ratios  by  the  i-ntemal-source  technique.  Leutz 

202  ' 204 

-et  al.  (1966)  grew  Nal (Tl)  crystals  containing  Tl  and  Tl  as  a 

cons'tituent  of  the  crystal  lattice,  and  Schulz  (1967a)  doped  the 
83  2.85  3.32. 

scintillator  with  Bb  and  Os.  Furthermore,  Cs  has  been  built 
into  the  lattice  of  CsI(Na)  scintillation  crystals.  To  use  doped 
crystals  for  spectrometiy  it  is  necessary  •that  the  radioactive  nuclei 
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be  uniformly  distributed  .in.  the  scintillator.  To  avoid  absorption' 
effects  caused  by  possible  surface  concentration  and  precipitation  of 
activity  at  grain  boundaries-,  Ravn  and  Bj^geholt  (1971)  used  Cs^  Pt(CN)^ 

, 193-  - ■ • . 

H^O  doped  with  Pt.for  the  determination  of  the. M/L  capture  ratio  in 

193  ■ ' - 

the  decay  of  Pt.  This  scintillator  material- has  several  advantages. 

. 193 

Platinum  being  one-  of  the  main  constituents  of  the  crystal,  Pt  is 

ffor'-cKemical 'reasons  ensured  a completely  uniform  distribution.  The 

crystal  exhibits  light  yields  and  relaxation  times  comparable  to  those 

of  Nal(Tl). 

Two  principal  sources  of  error  must  be  overqpme  in  -this  method’. 

The  radioactive  source .must  form  a true  solution;  if  -the  radioactivity 
lodges  non-uniformly  at  dislocations  or  grain  boundaries,  absorption 
effects,  occur.  Schulz  (1967b)  has  investigated  the  problem  and  has 
developed  a chemical  and  a physical-  criterion  to  decide  which  radior 
active - isotopes  form  true  mixed  crystals  with  Nal(Tl).  She  finds  that' 
Rb;  Cs,  -Ba,  Os,  .Tl,  and  Pb  do  form  such  mixed  crystals,  whereas  P,  Ca, 
Mn,-  2n,-.as,  Y,  Sn,  Ce,  and  Bi  do  not.  Joshi  et  al.  (1963)  have  studied 
the  effects  of  non-uniformity  of  mixing  and  the  phenomena  .of  over- 
activation and  'poisonings.  The  second  main  source  of  error  arises  from 
K x-ray  escape  frcan  regions  near  the  surface,  which  results  in  the 
•recording  of  K-capture  events  as  L-  or  M-capture  events. 

• To  correct  for  x-ray  escape,  basically  -two  methods  have  been  used. 
A well-.type-Nal  (Tl)  hollow  cirystal  can  be  employed  to  .surround  the 
Nai  (T1-)  -crystal  that  contains  the  internal  readioactive  source  (Fig. 

3-7) . Escaping  K x rays  from  electron  capture  and  iodine  K x rays 
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associated  with’  the  detection -process  are  absorbed  in  the"  outer  crystal 
and  are  recorded. as  simultaneous  events,  so  that  no  x-ray  escape  cor- 
rections are  required.  The  method  has  been  used  by  Joshi  and  Lewis 
(1960)  , Joshi  (1961)  , Smith  and  Lewis  (1966) , Goedbloed  (1970a)jand'  by 
Goedbloed'et  al.  (1968,  1970b)  who  have  discussed  it  in  detail. 

. An  alternative  approach  to  correct  for  x-ray  escape  involves  mea- 
surement of  the  ratios  of  the  areas  A,  B,’and  C'of  the  K,  L, .and  M 
peaks  for  several  source  crystals  of  different  sizes  (Figs.  3-8  and 
3-9) . ' Leutz  ^ (1966)  have  shown  that  correction  .for  escape  can 

,be  most  accurately-  performed  by  plotting  the  ratios  A/ (A+B)  and  C/B  • 
against  the  surface-tb-volime  ratio  of  the  doped  crystal  and  extrapolating 
linearly  to  a surf ace-to- volume  ratio  of  zero.  Thus,  values  of 
‘P  /{P.^-tP  )-  and'.P  /p  are  found  that  correspond  to  a measurement  with 
infinitely  large  crystal. 

^'...Corrections  must  be  applied  for  (1)  sum  effects,  (2)  self- 

.absorption,  if 'clustering  occurs,  (3)  possible  influence,  of  internal 
■ ‘ - • - 204 

conversion  or'  8 background  (as  in  the  case  of  Tl) . K x-ray  escape 
is‘. accounted  for- if  one  of  'the  above-described  techniques  is  used. 

The  method  of  internal  solid  source  spectrome'try  can  be  made  very 
accurate . 

A reduction'  in  'the  • noise  level  was  attained"  by  Ravn  and  Bj^geholt 

(197-1')  by, means  of  a coincidence  system  in  which  two  low-noise  photo- 
' . • - 193 

multiplier  tubes  were  coupled' to  a Pt-doped  crystal.  Crystal  and 
photomultiplier  assembly  were  cooled  to  -35°c -to  reduce  dark. current 
(Fig.  3-10) . 
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In  the  case  of  nuclides  that  xindergo  electron  capture  to  an 
excited  state,  internal  solid-source  spectrometry  with  coincident  y rays 
is  possible.  The  intensities  of  L and  K events  are  measured  in  the 
source  crystal  in  coincidence  with  ensuing  y rays  (Pig.  3-11) . ■ 
Accidental  coincidences  must  be  taken  into  account.  In  favorable 
cases  this  method  can  be  made  quite  accurate. 

3.1.3.  Spectrometry  of  K and  L x Rays  with  External  Sources 
This  method  (No.  6 in  Table  3.1)  is  based  on  the  determination  of 
the  intensities  I of  L x rays  and  I„„  of  K x rays  from  singles  spectra 

XiX  'KX 

as  measured  with  proportional  counters  or  Nal(Tl)  detectors.  The 
sources,  placed  outside  the  sensitive  volume  of  the  detector,  are 
usually  prepared  by  drop  deposition,  but  metal  grains  (Johns  et  al . , 
1957),  sources  prepared  by  painting  (Fujiwara  et  al. , 1964),  and 
vacuum-evaporated  sources  (Venugopala  Rao  and  Craseitiann,  1965)  have 
been  used,.  The  L/K  ratio  is  deduced  from  the  relation 


P Id) 

L LX  K 


K 


\x.  “ll 


10 

0) 

LL 


(3-14) 


where  m is  the  K-shell  fluorescence  yield,  to  is  the  partial  L-shell 
K XiXf 

fluorescence  yield  following  L capture,  to  is  the  partial  L 

XxK 

fluorescence  yield  following  Ka  x-ray  emission,  and  n is  the  number  of 

KTf 

L-shell  vacancies  - produced  on  the  average  when  a K-shell  vacancy  is 
filled. 

Corrections  must  be  made  to  account  for  (1)  self-absorption,  (2) 
absorption  between  source  and  detector,  (3)  solid  angle,  if  different 
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detectors  used  for  the  measurement  of  L and  K x rays,  (4)  effi- • 

- ciency  of  the  detectors,'  (5)  interfering  effects  due  to  y rays  and 

internal-conversion  electrons.  There  is  some  uncertainty  in  n and 

'KL 

. in  the  fluorescence  yields  u , and  which  can  usually  be  found 

• '■in  the  li1:erature  (Bambynek  et  al. , 1972)-,  -fin  additional  uncertainty 

•can  arise  from  degraded  L.  x rays  at  the  low-energy  side  of  the  L peak. 

Capture  ratios  cia  be  determined  by  this  method  in  the  case  of 

, nuclides  -that  decay  from  ground  state  to  ground  state  or  to  an  excited 

metastable  state.  For  nuclei  tha-t  decay  by  a prominent  transition,  • 

. among. others,  -to  the  ground  state  of  the' daughter,  mean  Ia/K  ratios  can 

be  obtained.  Though  often  used,  the ‘method  ist not  very  accurate,  because 

is  a small  difference  between  two  'large  quan-tities,  and  the 

partial  -Ir-shell  fluorescence  yields  greatly  affects  the  result. 

. ■ Venugopala  Rao'  and  Craseniann  (1965)  , and  Venugopala  Rao  et  al. 

(1966a)  have  measured  the  L and  K x-ray  intensities  relative  to  the  K 
.•  . 109 

X7ray  intensity  of  a Cd  reference  source  and  thus  deduced  of 

• ‘ Xi  K 

***1S1^  * *"*  204  * ' 202 

n and  Tl.  Kramer  et  al.  (1956).  have  determined  'S'/'9  of  . • T1 

, ■’  -r—  ““7*  " K 

' - ' -203 

by  comparing  the  intensity  ratio  I /I  wi-th  that  of  a Hg  reference 

source.  ■ In  addi-tion  to -the  need  for  corrections  .indicated  earlier,  • 

the , quantities  ' “tt'  “tt,-'.  internal  conversion  coefficients 

a .and.  a of  the  reference  source  m\ist  be  known.  •Wi'th  an  appopriately 

chosen  reference  nuclide*,  these  corrections  can  partly  cancel. 

For  nuclide's  decaying. to  an  excited  state  that  is  followed  by 

Y~ray  emission,  coincidences  can  be . determined  between  K x .rays  and 

Y' rays'  and  between  L x rays  .and  y rays.  From  -the  measured  coincidence 
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counting  rates  I and  I and  from  the  singles  rate  1 , the  L/K- 
capture  ratio  can  be  found: 


{3-15) 


The  L X rays  have  usually  been  measiored  with  proportional  counters,  and 
the  K X rays  and  y rays,  with  Nal(Tl)  detectors.  This  method  is  an 
extension  of  that  based  on  Eg.  (3-14) . It  requires  the  same  principal 
corrections  and  suffers  from  the  same  imcertainties;  accidental  and  sura 
coincidences  must  also  be  taken  into  account. 

A special  technique  was  employed  by  McCann  and  Smith  (1968)  in 
their  work  on  ^^^Ba.  Qhese  authors  used  a Nal(Tl)  detector  to  measure 
the  L and  K x-=ray  spectra  gated  by  Oie  sum  coincidence  peak  of  the 
356-keV  and  81-keV  y rays,  which  were  absorbed  in  another  Nal(Tl) 
detector. 


Measurement  of  (L-^event)-(K-^x-ray)  Coincidences.  This  method  (No.  7 

in  Table  3.1)  has  been  employed  by  Christmas  (1964)  to  determine  the 

204 

L/K~capture  ratio  of  Tl.  Coincidences  between  L x rays  and  K x rays 

were  measured  by  means  of  two.  Nal(Tl)  detectors,  and  was  deduced. 

L K 

In  a similar  approach,  Konstantinov  and  Perepelkin  (1961)  used  a 4ir 
proportional  counter  filled  with  a Xe-CH^  mixture.  Coincidences  between 
L events  (L  x rays  and  L Auger  electrons)  in  the  top  part  and  K x rays 
in  the  bottom  part  of  the  counter  were  detected.  A sufficiently  thick 
backing  material  permitted  only  K x rays  to  penetrate  to  the  bottom 
counter. 

The  method  reqrtires  corrections  for  (1)  self-absorption  of  L x rays 
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and  Auger  electrons,  (2)  absorption  of  K x rays  in  the  backing  foil, 

(3)  escape  of  K x rays  from  the  detectors,  (4)  detector  efficiencies, 

including  solid  angle,  (5)  accidental  and  sum  coincidences,  and  (6) 

influence  of  possible  y rays.  Values  of  n^  and  K-shell  and  L-shell~ 

fluorescence  yields  can  usually  be  found  in  the  literature  (Bambynek 

et  al. , 1972);  they  contribute  to  the  overall  uncertainty.  The  method 

yields  mean  P_/P„  values  if  the  nuclide  decays  by  more  than  one 
If  K 

electron-capture  branch. 


3.2.  Determination  of  the  Relative 


K- Capture  Probability  P, 


K 


In  addition  to  the  determination  of  capture  ratios,  there  are 

various  other  methods  from  which  the  relative  capture  probability  P 

can  be  deduced.  Some  of  these  constitute  a direct  measurement  of  P„. 

In  various  others  the  product  Pm  is  determined.  All  measurements 

K K 

described  in  this  section  employ  external  sources,  placed  outside  the 
sensitive  volimie  of  the  detector. 


3.2.1.  Measurement  of  K x Rays  or  Auger  Electrons  and 
Y Rays. or  Conversion  Electrons 

Spectrometry  of  K x rays  and  y rays . The  principle  of  this  method 

(No.  8 in  Table  3.1)  is  to  measure  the  intensities  I of  the  emitted 

* ixX 

K X rays  and  of  the  y rays  and  hence  to  deduce  the  K-capture 
probability : 


(3-16) 
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Here,  u is  the  K-shell  fluorescence  yield,  while  a and  a are  the  K- 
K,  K 

shell  and  total  conversion  coefficients.  Sources  have  been  prepared 
simple  drop  deposition.  Proportional  counters  as  well  as  Nal (Tl)  and 
Ge(Li)  detectors  have' been  used. 

Principal  corrections  are  required  for  (1)  self -absorption  of  the 

K X rays,  (2)  absorption  between  source  and  sensitive  volume  of  the 

detectors,  (3)  efficiencies  of  the  detectors  for  K x rays  and  y rays, 

and  (4)  solid  angles.  Values  for  the  fluorescence  yield  w and  the 

K 

conversion  coefficients  are  required.  If  internal  conversion  can  be 

neglected,  Eq.  (3-16)  becomes  simply  I„„/I  = • 

KX  Y K K 

Bayer-  et  ,al.  (1972)  used  this  method  to  measure  the  K x-ray 
140  140  140 

interisitxes  in  the  Nd  ' Pr  Ce  decay  chain  and  to  deduce 

140 

. P of  Nd.  Wapstra  et  a.1.  (1954,  .1957)  and  Friedlander  .and  Orr 

(1951b)  employed  two'  nuclides  that  decay  to  ;the  same  excited  level  in 
the  daughter  nucleus,  one  by  electron  capture  and  the  other  by  3 
emission.  The  intensity  ratio  of  the  K x rays  and  y rays  from  -the  two 
nuclides  was  determined  and  hence  the  K-capture  probability; 


Corrections  are  required  mainly  for  (1)  sum  effects,  and  (2)  con- 
tributions of  radiation  from  higher  levels.  K-shell  and  total  conversion 
coefficients-  are  usually  taken  from  the  literature. 


Spectrometry  of  K x rays  or  Auger  electrons  and  K conversion 

electrons . The  principle  of  this  method  (No.  9)  is  to  measure  the 

intensity  I of  K x rays  and  I of  K conversion  electrons  (Avignon 
KX 
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et  al. , 1955) . The  K-capture  probability  is  foxmd  from  the  equation 

Moussa  and  Juillard  (1956)  have  measured  the  intensities  I of  K 

Auger  electrons  and  of  conversion  electrons  and  used  a relation 

similar  to  Eq.  (3-18)  with  I and  m replaced  by  I and  {l-<«)„)  / 

KX  K KA  K 

respectively.  Magnetic  8 spectrometers  were  used  to  detect  the 
electrons  and  a Nal  (Tl)  scintillation  covinter  for  the  x rays. 

Corrections  must  be  made  for  (1)  self-absorption  of  the  K x rays 
or  Auger  electrons,  (2)  absorption  between  source  and  detector;  (3) 
efficiencies  of  the  detectors  including  solid  angles;  and  (4)  radiation 
from  higher  levels,  if  present.  Fluorescence  yields  and  internal  con- 
version coefficients  are  usually  taken  from  the  literature. 


Determination  of  K x-ray  emission  rate  and  disintegration  rate. 

This  method  (No.  10)  requires  determination  of  the  K x-ray  emission 

rate  T , preferably  with  a large  proportional  counter  filled  to  a suf- 
KX 

ficient  pressure  to  absorb  all  K x rays.  In  addition,  the  disintegra- 
tion rate  must  be  determined,  preferably  by  means  of  a coincidence 
technique  as  used  in  absolute  standardization  of  radioactive  sources. 

The  value  is  found  from  the  relationship 

K K 


(3-19) 


where  w is  the  K-shell  fluorescence  yield. 

K 

The  method  is  described  in  detail  by  Taylor  and  Merritt  (1965)  • To 
check  the  K x-ray  emission  rate,  a second  fairly  independent  approach 
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can 'be  used  (Bainbvnek.  1967a).  utilizinjg.  a medii^- solid-angle  arrange- 
ment witii  a proportional  counter  or  a thin  Nal (Tl)  crystal  as  detector 
(Bambynek  ^ , 1966;  Barnbynek,  19.67b)  . The  detection  system  for  . 

determining  the  disintegration  fate  has  been  described  by  Campion 
(1959) . It  consists  of  a 4ir  flow-type  pillbox  proportional  counter 

placed' between  two  Nal(Tl)  detectors.  A calibrated  y spectrometer 

also 

(Vaninbroukx  and  Grosse,  1966)  has-been  used  to  determine  the  dis- 
integration rate. 

'Radioactive  sources  have  been  prepared  f ore^^e^riinents  of  this 
type  by  drop  deposition,  electrodeposition,  and  evaporation  in  vacuum. 
Sources  have  been-  mounted  on'  -thin  metallized'  plastic  foils  for  -fche 
determination  of  'the  disintegration  rates,  then  'they  were  sandwiched 
between  absorber  foils  to  stop  all  Auger  electrons,  so  -that  K x-ray- 
ertdssion  rates  could'  be  measured  in  a high-pressure  proportional  counter. 

The  principal  corrections  that  must  be  applied  in  the  K x-ray 
measTifements  are  for  (1)  self-absorption,  (2)  foil  absorption,  (3) 
x-ray  counter  efficiency  (normally  near  unity) , and  (4)  the  effect  of 
y rays  and  3^  particles,  if  present.  The  corrections  in  the  determina- 
■tion  of  'the-  disintegration  rate  by  ..'the  coincidence  me'thod  are  small  and 
well-understood,  and  involve  only  parameters  that  can  be  determined 
eJ^erimen tally  as  an  integral  part  of  the  measurement.  The  fluorescence 
yield  m is  usually  taken  from  -the  literature  (Bambynek  et  al.,  1972). 

This  me'thod'  has  been  applied  in  laboratories  specializing  in  'the 
standardization  of  radionuclides,  and  has  yielded  several  of  the -most 
reliable  values. 


119 


3.2.2.  Coincidence  Measurements 

With  nuclides  that  decay  by  electron  capture  to  an  excited  level  in 
the  daughter  nucleus,  coincidences  can  be  measured  between  x rays  or 
Auger  electrons  (from  the  capture  process)  and  y rays  or  conversion 
electrons  (from  the  deexcitation  of  the  daugher - state) . Such  measure- 
ments can  serve  to  determine  capture  probabilities  or  their  ratios. 


Measurement  of  K x-ray  and  y-ray  coincidences.  In  this  method 
(No.  11),  coincidences  are  measured  between  K-x  rays  in. one  detector 
and  y rays  in  another  detector.'  One  finds 


^KX-y'^^y' 


(3-20) 


where  I is .the.  (K  x-ray) -(y-ray)  coincidence  counting  rate,  I is 
• KX-y  . y 

the  singles  y rate,  and  u)  is  the  K-shell  fluorescence  yield  of  the 

K 

daughter  atom.  Sources  for  such  ejQjeriments  have  mostly  been  prepared 
by  drop  evaporation;  however,  plated  (Grotheer  ^ al. , 1969) , electro- 
plated (Thomas  ^ al. , 1963) , gaseous  external  sources  (Bresesti  et  a^. , 
1964;  Winter  et  al. ,1965b)  metal  powders  (Perrin,  1960;  Millar 
et  al. , 1959)  have  also  been  used. 

Different  combinations  of  detectors  have  been  employed;  in  most 
cases  proportional  counters  served  for  the  K x rays  and  Nal(Tl) 
detectors  for  the  y rays  or  for  both  radiations.  Solid  state  detectors 
have  also  been  used  recently:  Nal  (Tl) -Ge  (Li)  (Raeside  et  al. , 1969; 

Myslek  et  al. , 1971);  Ge(Li)-Ge(Li)  (Schmidt-Ott  and  Fink,  1972),  and 
Si(Li)-Ge (Li)  (Genz  et  al. , 1973c). 


Corrections  must  be  applied  principally  for  the  following  effects: 
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(1)  self-a6^’rpt'ioh~Sia  ^so’^tTion  o'f'K"x“rays  'between  source-  and-— 

sensitive  volume  of  the  detector,  (2)  efficiency  of  the  K x-ray 

detector,  including  solid  angle,  (3)  detection  of  y rays  or  conversion 

electrons  in  the  x-ray  detector,  (4)  contributions  from  positrons,  if 

present,  and  (5)  sum  and  accidental  coincidences.  Values  of  the 

fluorescence  yield  oi  can  usually  be  taken  from  the  literature.  In 

order  to  avoid  uncertainties  due  to  the  insufficiently  known  fluorescence 

195 

yields,  De  Wit  and  Wapstra  (1965)  in  their  measurements  on  Au  and 

197  202 

Hg  compared  the  intensity  ratios  that  of  a Hg 

reference  source.  With  an  appropriately  chosen  reference  nuclide,  the 

fluorescence  yields  practically  cancel.  On  the  other  hand,  knowledge 

of  P ' of  the  reference  nuclide  is  required. 

K 

with  nuclides  decaying  to  an  excited  level  that  is  followed  by  a 

' " s*  . , , , ^ ^ 

y-y  cascade  to  the  ground  state,  triple  coincidences  have  been  measured. 
The  K-capture  probability  can  then  be  found  from  the  relation 


p . = ^-y1-y2 

yl-y2 


(3-21) 


where  ^jQj..Yl-y2  rate  of  the  (K  x-ray) -(Y^)-(Y2)  triple  coinci- 
dences, and  iyi-y2  coincidence  rate.  In  addition  to 

the  corrections  mentioned  previously,  directional  correlations  must  be 
taken  into  account. 

The  coincidence  method  permits  determination  of  the  K-capture 
probability  for  transitions  to  an  excited  level  in  the  daughter  nucleus. 
By  appropriate  choice  of  y-ray  window  settings  one  can  select  a par- 
ticular electron-capture  transition  among  several  in  the  same  decay. 
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This  technique  (No.  12)  has  been  employed  to  determine  the  ratio  of  K- 
capture  probabilities  to  different  levels  (denoted  here  by  1 and  2) : 


(3-22) 


K2 


Y2 


The  result  does  not  depend  upon  the  fluorescence  yield  and  the  effi- 
ciency of  the  K x-ray  detector.  In  most  cases,  Nal(Tl)  detectors  have 
been  used  for  the  K x rays  and  y rays  (Lewin  et  al. , 1965) , but 
Nal(Tl)-Ge(hi)  (Schmidt-Ott  et  al.,  1968;  Schmidt-Ott,  1970;  Cook  and 
Johns,  1969;  Lourens  et  al. , 1970)  and  Si (Li) -Ge (Li)  combinations 
• (Lourens,  et  al. , 1970)  have  also  been  employed.  The  method  has  been 
used  mostly  to  determine  the  energies  of  electron  capture  transitions. 


Measurement  of  (K  x-ray  euid  Auger-electron) ~(y-ray)  coincidences. 

If  coincidences  between  K x rays  or  Auger  electrons  and  y rays  are 

measured  (Method  13} , the  K-capture  probability  P can  be  directly 

K 

deduced : . 


(3-23) 


Very  thin  (e.g. , vacuum-evaporated)  sources  of  large  area  are  required 
to  keep  self-absorption  down.  Kramer  et  al.  (1962a)  employed  this 
method  with  a dovible  proportional  counter  operated  at  sufficiently  high 
pressure  to  detect  all  K x rays  and  Auger  electrons.  The  source  was 
placed  so  as  to  attain  a solid  angle.  Gamma  rays  were  detected 
with  a Nal (Tl)  scintillation  counter.  Vatai  and  Hohmuth  (1968)  employed 
a 4ir  Csl (Tl)  detector  system  to  register  K events  and  a Csl (Tl) 
detector  for  the  y rays. 
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Corrections  are  required  for  (1)  self-absorption  of  K x rays  and 
Auger  electrons,  (2)  absorption  of  x rays  and  electrons  in  the  backing 
foil  of  the  source,  (3)  incomplete  realization  of  the  4tt  solid  angle, 
(4)  accidental  coincidences,  (5)  detection  of  y tays  in  the  K-event 
detector,  and  (6)  influence  of  positrons,  if  present. 


Measurement  of  (K  x-ray) - (y -ray)  sum  coincidences.  In  this  method 
(No.  14),  which  was  first  used  by  Gupta  and  Iha  (1956) , the  pulse- 
height  spectrum  of  K x rays  and  y rays  is  measured  in  one  single 
detector.  The  spectrum  (Fig.  3-12)  contains  a K x-ray  peak,  a y-ray 
peak,  and  a sum  peak  arising  from  (K  x-ray) - (y-ray)  coincidences  in  the 
detector.  From  the  measured  areas  and  A^^  of  these  peaks,  the 
capture  probability  can  be  deduced; 


K K I A +A^ 

y y Xy 


(3-24) 


In  most  cases,  a Nal (Tl)  detector  has  been  employed  for  measurements  of 
this  type.  Das  Mahapatra  and  Mukherjee  (1974)  used  a Ge(Iii)  detector, 
and  Campbell  and  McNelles  (1972)  employed  a sandwich  detector  con- 
sisting of  two  CsI(Tl)  C3:ystals  with  the  source  in  between. 

Corrections  must  be  made  for  (1)  self- absorption  and  absorption  of 
K X rays  between  source  and  sensitive  volume  of  the  detector,  (2)  effi- 
ciency of  the  K x-ray  counter,  including  solid  angle,  (3)  accidental 
coincidences,  and  (4)  separation  of  overlapping  parts  of  the  y-ray  and 
sum  peaks . 


Gupta  (1958)  has  used  this  method  with  triple  sum  coincidences. 

He  observed  the  pulse-height  spectrum  in  a single  Nal(Tl)  detector  and 
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determined  the  areas  and  ^1~^2  coincidence 

peaks.  The  K-capture  probability  is 


^KX+y1+v2  ^X12 

p _ ! >_  - 


(3-25) 


^ ^ ^y1+Y2  ^12'^\i2 

Instead  of  employing  a single  detector,  it  is  possible  to  measure  . 
coincidences  between  K x rays  in  one  Nal(Tl)  detector  and  sxjm  coinci- 
dences of  Y,  and  y in  a second  Nal (Tl)  detector . The  K x rays  are 
then  gated  by  the  Y^+Y2  coincidences.  The  ratio  of  the  corresponding 

intensities  is  equal  to  ® Tew  cases,  in  which  K captur., 

i£  fcrcidcen  dye  to  e.cerjtetics,  the  L-c,'.pture  fraction  c&n 
c£  -easired  directly  (Vh>pstra  er  sj. . , I?:?)  '"e  7.e-er  ^ , 3 ?:  ^^5 

Per-^rs,  1976). 


Measurement  of  (K  x-ray) - (Y-ray)  and  (K  x-ray) -(K  x-ray)  or 
(K  x-ray) -(K  conversion  electron)  coincidences.  This  method  (No.  15) 
can  be  applied  to  nuclides  that  decay  to  an  excited  level  in  the  daughter 
nucleus  that  is  deexcited  by  a converted  y transition.  The  approach  was 
developed  by  Pruett  and  Wilkinson  (1954) ; it  is  based  on  measuring 
coincidences  between  K x rays  from  the  electron-capture  process  and  y 
rays  from  the  daughter  nucleus,  and  additionally,  coincidences  between 
K X rays  from  the  electron  capture  process  and  K x rays  from  internal 
conversion-  The  K- capture  probability  can  be  deduced  from  the  relation 


^ ^^KX-KX^^KX^ 


l+P^(l+a)/a^, 


(3-26) 


where  I and  I , sire  the  coincidence  counting  rates , and  I 

KX-Y  KX-KX  I 

I the  corresponding  singles  rates.  Drop-deposited  sources  and 
KX 

Nal(Tl)  detectors  were  used  in  these  experiments.  Results  are 


•and 


independent  of  the  fluorescence  yields,  but  the  K-shell  and  total  con 
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ci3incijaencAs_musjL^,  .applied 

139 

Hansen  (1975)  has  determined  P of  Ce  by • measuring  coincidences 

K 

between  K x rays  and  y rays  and  K x rays  and  .K  conversion  electrons.' 
The  photons  were  measured  by  Si  (Li)  arid  Nal  {T-l')v;.detectp,rs,-'and  tte  • 
electrons,  by  means  of  a magnetic  3 spectrometer.  P can-  be  deduced 
from  the-  relation 


1+P., 


K 


71 


’K 


KX-eKj 
‘■’eK 


KX-y 

I. 


(3-27) 


In  addition  to  the  usual  corrections,  sum  and  accidental  coincidences 
must  be  considered.  Fluorescence  yield  and  conversion  coefficients 
need  not  be  known.  The  method  is  only  applicable  to  nuclides  with  a 
simple  decay  scheme  lacking  a y cascade  in  the  daughter. 


Measurements  of  coincidences,  between  K x rays  or  Auger  electrons 

and  conversion  electrons.  Coincidence  measurements  of  this  type  (Method 

16)  for  the  determination  of  P„  were  first  made  by  Bros!  et  al.  (1959) , 

K.  ' 

who  observed  the  K x-ray  spectrum  gated  by  K-  and  L-conversion  electrons 
(Fig.  3-13)  and  determined  coincidence  and  singles  intensities.  The 
K-capture  probability  can  be  deduced  from  the  relation 


1+P. 


‘K 


‘K 


KX-eK) 

^eK  I 


KX-eL 

^eL 


(3-28) 


where  I and  T „ are  the  (k  x-ray) - (K— conversion  electron)  and 

ivA“©ij 

(K  X-ray )- (Ij-conversion  electron)  intensities^  respectively,  and  and 
I^^  are  the  corresponding  singles  rates.  The  K x rays  have  been  mea- 
sured with  Nal(Tl)  detectors,  and  the  conversion' electrons,  with 
magnetic  3 spectrometers.  Knowledge  of  the  K-shell  fluorescence  yield 
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and  the  x-ray  and  electron  detector  efficiencies  is  not  required. 
Corrections  must  be  mad^  to  account  for  (1)  accidental  coincidences, 

(2)  sum  effects  due  to  K x rays  from  electron  capture  and  internal  con- 
version, (3)  possible  effects  of  other  converted  y transitions  in 
cascade,  and  (4)  possible  effects  of  electron  capture  to  higher  levels. 

Instead  of  utilising  coincidences ■ between  x rays  and  conversion 
electrons,  it  is  possible  to  determine  P from  coincidences  between  K 
Auger  electrons  and  K or  L conversion  electrons.  Prom  the  measured 

intensities,  P is  found: 

K 


i+p.. 


K 


K 


KA-eK^ 

^eK  J 


/ 


KA-eL\ 

"eL/ 


-(3-29) 


Here,  „ and  ^ are  the  coincidence  rates  between  K Auger 

KA-eK  KA-eL  , ^ 

electrons  and  K and  L conversion  electrons,  respectively.  -This  method 
(No.  17)  has  been  used  by  Marelius  ^ al.  (1967) , who  employed  two 
magnetic  spectrometers.  The  necessary  corrections  are  essentially  the' 
same  as  those  in  Method  16. 

A slight  variation  of  this  approach  has  been  used  by  Sparrman  et  al. 
(1966) ,-  who  measured  the  K Auger-electron  spectrum  in  coincidence  with 
K .arid  L conversion  'electrons  by  means  of  two  long-lens  spectrometers . 


The  value  for  P was  found  from 


l+P..  I ^ 


K 


"KA-eK 

Ct., 


(3-30) 


KA-eL/  K 

The  K and  L conversion  coefficients  must  be  known-  In  addition  to  the 
corrections  mentioned  above , efficiencies  for  detecting  K and  L con- 
version electrons  and  the  absorption  of  these  electrons  between  source 


126 


and  detector  must  be  taken  into  account. 

Plch  et~  al.  (1971)  measured  the  K x-ray  spectrum  in  a Ge(Li) 
detector  gated-  by  K conversion  electrons  which  were  detected  in  a pro- 
portional counter.  '■  By  this  method  (No.  l8) , -they  detemined  P„  from 
the  ra-tio  of  the  (K  x-ray) - (K-conversion  electron)  coincidence  rate 
1^.^  „ and  -the  K conversion-electron  singles,  intensity  I : 


'(^■*'Pk)“k  ^KX-eK'^^-eK.  (3-31) 

Corrections  are  needed  for  (1)  accidental  aind  sum  coincidences,  (2) 
self-absorption  and  absorption  of  K x rays  between,  source  and  detector, 
and  (3)  efficiency  of  the  K x-ray  detector. 

Wi-th  nuclides  decaying  to  a metastable  level  of  the  daughter, 
Durosinmi-Etti  et  al.  (-1966)  have  measured  K x rays  by  means  of  a 
Nal (Tl)  • detector  in  coincidence  wi-th  K conversion  electrons  detected 
with  a surface  barrier  detector.  The  K-capture  probability  was  deduced 
from  -the  -equation 


P VeK 
^ ^Y^KX-eK 


1 _ ”k 

1+a  1+a* 


(3-3.2) 


Here,  I„„,  I „,  and  I are  -the  measxired  intensities  of  K x rays,  K con- 
KX  ©K  y 

version  electrons,  and  y rays,  respectively;  I v-  is  (K  x-ray) -(K- 

KX“©K 

conversion  electron)  coincidence  rate,  a is  the  K conversion  co- 
efficient,  and  <x,  the  total  conversion  coefficient.  These  conversion 
coefficients  must  be  known.  Corrections  are  needed  for  (1)  X and  y 
detector  efficiencies,  including  solid  angle;  (2)  absorption  between 


source  and  detectors,  and  (3)  overlap  of  spectrum  peaks. 
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Measurement  of  triple  coincidences  between  K x rays , y rays , and 

internal-conversion  electrons,  iliis  method' (No.  19)  was  used  by  Thun 

et  al. (1966) , who  determined  the  triple  coincidence  rate'  X , 

measuring  K x rays  with  a Nal (Tl)  crystal,  y rays  with  a Ge(Li) 

■detectbr,  and  L conversion  electrons  with  a magnetic  spectrometer;  the 

coincidence  rate  I between  y rays  and  L conversion  electrons  was 
y-eL  ' 

simultaneously  determined.  Then  we  have 


KX-y-eL 

P m = — , 

K K I ^ 
y~eL 


(3-33) 


A different  approach  was  taken  by  Tornkvist  and  Strom  (1968)  in 
their  measurements  on  ^^^Ba  decay.  These  workers  determined  P 

ix 

-directly  from  triple  coincidences  between  K x rays,  y rays,  and  K or  L 
conversion  electrons  detected  with  a lens  spectrometer.  The  K-capture 
probability  was  deduced  from 


1+P. 


R _ f KX-y-eK\ 


^y-eK 


KX-y-eL\ 

/ 


(3-34) 


Sources  were  prepared' by  evaporation  in  vacuum.  Corrections  must 
account  for  (1)  accidental  and  sim  coincidences,  (2)  directional  cor- 
relations (which  can  -be  minimized  by  proper  choice  of  the  angle  between 
detectors),  and  (3)  escape  of  iodine  K X rays  from  the  Nal (Tl)  detector 


3.3,  Experimental  Capture  Probabilities  P^.,  P^,'and  P^^; 


Comparison  with  Theory 


3.3.1.  Experimental  Results 

All  experimentally  determined,  pviblished  values  of  P_/P„,  P.,/Pr  ' 

li  X M 


P listed  in  Table  3.2.  In  the  many  cases  in 
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which  authors  quote  P„  while  they  actually  have  measured  Pm.  we  list 

K K K, 

the  latter  product,  recalculated  from  the  authors ' P„  and  u . In  some 

K 

cases,  authors  do  not  specify  .the  value  of  to  'which  they  used;  these 

1C 

are  indicated  by  " Some ^entries  in  Table  3.2  have  been  revised  from 

109 

the  original  publication.  For  example,  the  P /P  ratio  for  Cd 

liM  • , K 

(Moler  and  Fink,  1965)  was  revised  by  the  authors,  who  communicated 

this  to 'Durosinmi-Etti  (1966).  Vatai  (1968b  ,1970b)  has  noted  that  the 
109 

Cd  P„/P_  value  of  Moler  and  Fink  (1965)  was  not  corrected  for  escape 
of  Ag  L X rays.  Applying  a corresponding  correction  and  making  use  of 
newly  reported  values  for  k -and  k„,  (Salem  et  al. , 1974)  and  m 

Ct  p — “ — K 

(Bambynek  et  al. , 1972)  and  a theoretical  'S  /'S  ratio  yields  P„/P_  = 

“ L K M Xi 

113 

0.205+0.020.  Similar  corrections  have  been  made  to  the  Sn  P,./P_  ratio  of 

M L 

Manduchi  et  al.  (1964b) . 

From  among  the  entries  in  Table  3.2,  we  have  selected  those  results 
that  can  with-  certainty  be  judged  as  reliable,  because  they  were 
derived  from  measurements  with  pure,  carefully  prepared  sotirces,  all 
necessary  corrections  being  determined  and  clearly  described.  (The 
importance  of  pure  sources  has  been  emphasized,  for  example,  by  Raman 
et  al.  (1973) , who  suggest  that  discrepancies  in  measured  P.,/P„  ratios 

Jj  K 

113  119 

of  Sn  may  be  due  to  variable  amounts  of  250d  Sn  present  in  the 

113 

115d  Sn. ) We  have  omitted  results  published  without  indication  of 
error  limits,  or  with  errors  in  excess  of  15%.  The  information 
provided  in  most  publications  is  unfortunately  less  than  complete.  It 
is  therefore  probable  that  we  have  omitted  some  "good”  results  from 
the  list  of  selected  values.  The  selected  P.,./P^,  measurements  are 
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listed  in  Table  3.3,  the  P /P  ratios  in  Table  3,4,  and  selected  values 

M L 

of  P , P-03  / and  P in  Table  3.5.  The  K-shell  fluorescence  yields 

XtM.*  • xC  IC  xC  xC 

used  to  deduce  the  capture  ratios  P in  Table  3.5  were  calculated -from 

K 

the  equation 


(3-35) 


The  constants  K,  B,  C were  determined  by  fitting  this  expression  to 

the  selected  "most  reliable"  experimental  fluorescence  yields  listed 

by  JBambynek  .et  _al.  (1972) , with  exception  of  those  deduced  from  S (a 

■measurements.  The-  -fluorescence  yields  -calculated  in  bhis  -manner  are 

practically  "the  same  as  those  recommended  by  Bambynek  et  a^.  (1972) ; 

slight  changes  in  the  last  digit  are  within  the  stated  error  limits. 

We  -use  the  transition  energies  Q evaluated  by  -Wapstra  and  Gove 

(1971) , except  in  cases  where  -these  were  deduced  from  measurements  of 

electron  capt\3re_ra-tios.  . JCn  those, cases,  we^have  ..used  Q determined 

_KC 

from  measurements  of  intemal—bremsstrahlung  spectra  or  (p,n)  reaction 
thresholds . For  -a  -few  transi-tions , no  independent  Q -energies  were 
available;  these  are  indicated  by  an  asterisk  in  Tables  3.3  and  3.5. 


3.3.2.  Theoretical  'Predictions 

The  last  three  columns  of  Tables  3.3  and  3,5  contain  theoretical 
b/K  and'M/L  ratios.  These  were  calculated  (see  Sec.  2)  from  the 
rela-tions 


.2, 


P /P 
b K . 


L/K 


(3-36) 


and 
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2 

ri+(f  /g  )^] 

/ ^ 

, _ 2 . 1 

i+(f,  /g, 

L J 

A 


{3-37) 


for  allowed  transitions i and 


V^k 


r2  r 


(3-38) 


for  unique  first- forbidden  transitions.  The  electron  radial  wave- 
function  amplitudes  g„,  g_  , f_  , g , f , as  well  as  p g were 

K L3  L3 

taken  from  the  relativistic  Hartree-Fock  calculations  of  Mann  and  Waber 

(1973)  as  listed  in  Table  2.9.  The  exchange  and  overlap  correction 
■ L^/K  M^/L^ 

factors  X = /B,,  and  X = B , /B^  were  recalculated  in  the 

present  work  according  to  the  ansatz  of  Bahcall  (1963a, c r 1965a)-and 
that  of  Vatai  (1968b ,1970a )as  described  in  Sec.  2.5.  For  Z>32,  the 
correction  factors  of  Suslov  (1970)  are  used  in  continuation  of  the 
Bacall  factors,  and  those  of  Martin  and  Blichert-Toft  (1970)  in 
extension  of  the  recalculated  Vatai  factors.  Assumptions  and  approxi- 
mations underlying  the  calculation  of  these  correction  factors  are 
discussed  in  Sec.  2.5.  Equations  (3-36) - (3-38)  contain  the  simplifica- 
tions 


2 1 3 1 2 1 


(3-39) 


and 


L„/L 

X 


1 


L /L  M /M 
x"®  -^  = x^  ^ = 1. 


(3-40) 


These  approximations  affect  the  capture  ratios  by  less  than  0.04%  for 
Z=20  and  less  than  0.3%  for  2=75. 
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^ The  theoretical  K-capture  probabilities  P listed  in  the  last 

K 

column  of  Table  3,5  were  calculated  from  theoretical  capture  ratios 

Z>37  and  also  Z>67,  according  to 

L/K  M/L 

Eq.  (3-6) . Exchange  and  overlap  corrections  X and  X were  applied 
as  discussed  above,  using  our  recalculated  factors  for  Zl32  and  those 
of  Suslov  or  Martin  and  Blichert-Toft  for  heavier  atoms.  For  the  outer 
shells  no  exchange  correction  was  made,  none  being  available. 

The  theoretical  capture  ratios  and  probabilities  listed  in  Tables 
3. 3-3. 5 for  first-forbidden  non-unigue  transitions  are  calculated  for 
allowed  transitions.  This  approximation  is  justified  because  for  such 


transitions  the  ratios  of  capture  probabilities  from  the  ns^^2  ^^^1/2 

subshells  are  independent  of  the  form-factor  coefficients  (Sec.  2.3.2). 


(3-43) 
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and  E^,  and  E^  are  electron  binding  energies  taken  from 

Bearden  and  Burr  (1967) . In  the  case  of  measurements  pertaining  to 
transitions  to  several  levels , we  divided  the  measured  mean  L/K  capture 
ratios  by  the  factor 


(3-44) 


The  index  v labels  the  final-state  levels;  the  a^  are  branching  ratios 

subject  to  2a^=l,  A corresponding  procediire  was  used  for  mean  M/L  ratios. 

The  branching  ratios  were  taken  from  the  NuClear  Data  Sheets  edited 

by  the  Nuclear  Data  Group,  Oak  Ridge  National  Laboratory# 

2 

The  reduced  ei^erimental  capture  ratios  (P  /P  )/(q  /q„)  and 

, b K ^ 

2 ■ 

(Pj^/Pj^)/(qj^  ) are  compared  with  theoretical  ratios  (Tables  3-3  and 

3-4)  in  Figs.  3-12  and  3-13.  For  clarity,  we  have  combined  results  for 

each  atomic  number  and  plotted  weighted  mean  values  and  their  uncertainties. 

P_/P„  capture  ratios.  Figure  3-12  shows  that  agreement  between 
Li  IC 

e:jq)erijmentally  determined  L/K  capture  ratios  and  exchange-corrected 
theoretical  predictions  is  fairly  good  for  all  atomic  ntimbers,  both  for 
allowed  and  for  non-unique  first-forbidden  transitions.  The  difference 
between  theoretical  ratios,  due  to  different  exchange  and  overlap  cor- 
rections, is  largest  for  light  atoms  (Sec.  2.5). 

In  cases  in  which  the  electron-captiare  transition  energy  is  not 

2 

much  larger  than  the  K-shell  binding  energy,  the  (q  /q„)  ratio  is  very 

Li  K 

sensitive  to  Q„„.  Errors  in  Q can  then  lead  to  erroneous  conclusions 

in  the  comparison  with  theory.  Such  is  the  case  for  and 

133  159^  195,  „ 202  , 

probably  also  for  Cd,  Ba,  Dy,  Au,  and  Tl.  More  acciirate 


■133 


79  159  126 

measurements  on  Kr  and  Dy  should  be  performed.  For  I a mean 

L/K  ratio  has  been  measured,  due  to  60%  non-ionigue  and  40%  unique  first" 
forbidden  transitions.  The  eiq>erimental  result  agrees  well  with  predic- 
tions for  either  type  of  transition.  The  few  available  measurements  per- 
taining to  pure  unique  first-forbidden  transition  also  agree-  well  with 
theory.  Table  3.3  includes,  the  4 measured  L/K  ratios  for  non-unique  second- 
forbidden  transitions,  but  these  are  not  compared  wi-th  theoretical  ratios. 

Vatai  (1973a,  1974)  has  suggested  that  the  ratio  of  non-relativistic 
to  relativistic  nuclear  matrix  elements  could  be  estimated  from  L^/K 

ratios,  and  attempted  to  do  this  by  evaluating  the  L^/K  fraction  of  the 

93  97 

measured  L/K  ratios  of  Mo  (Hohmuth  et  al. , 1964)  and  Tc  (Katcoff, 

3.33 

1958),  and  the  LM.../K  ratio  of  La  (Turchlnetz  and  Pringle,  1956). 

The  fact  that  the  (L^+L2)/K  ratio  is  independent  of  nuclear  matrix 
elements  made  the  separation  possible.  The  experimental  ratios 
unfortmately  are  not  very  accurate;  improved  measurements  on  these  cases 
and  on  additional  second  and  higher  forbidden  non-unique  transitions 
would  be  useful.  Vatai  (1973 a,  1974)  has  further  pointed  out  that  in  the 
presence  of  K capture  determinations  of  M/K  ratios  would  be  more  useful 
than  of  M/L  ratios,  because  the  former  are  more  sensitive  to  nuclear 
matrix  elements.  Chew  et  al.  (1974a)  have  followed  Vatai 's  suggestion 
and  calculated  the  ratio  of  nuclear  matrix  elements 

R = ^^^220  ” ’^3/^  ' ^221^ decay  of  ^^Ni  from  L^/K  deduced 
from  the  total  measured  L/K  ratio.  Daniel  (I969)  has  noticed  that 
for  allovjed  transitions  the  reduced  capture  ratios 
(Pj^/Pj^)/(qj^/qjj)  are  in  surprisingly  good  agreement  rich 
the  ratios  of  the  Ml  internal  conversion  coefficients 


P^^/P^  capture  ratios.  From  Fig.  3-13  it  is  seen  that  e^gperimental 
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calculati'ons  for  afl  Z.  Precision  measurements  of  additional  M/L 
ratios  of  light  atoms  would  be  most  useful  to  test  exchange  and  overlap 
corrections . 

65 

A new  more  precise  measurement  on  Zn  is  needed-  Further  experi- 
mental evidence  is  also  required  in  the  medium-Z  region;  the  M/L 

81  109  127 

capture  ratios  in  the  decay  of  Kr,  Cd  and  Xe  should  be  determined. 


. P^./Pv.  capture  ratios.  The  only  measurement  of  an  K/M. 

“"a'-  " — — " 

capture  ratio  pei'formec:  to  date  is  of  Fengra  or; 

-'P'b,  With  a gaseous  source  of  tetramethyl.  Fengra  de- 
termined P,/Pt  ==  0.524+0.010  and  = C. 286+0.020.  Cornua- 

risen  with  theory  is  impeded  by  lack  of  reliable  inf ormatlon 
on  the  transition  energy.  An  indirect  determination  of  the 
(K+. . , )/»’i  ratio  of  T1  has  been  made  from  measurements  of 
(K+K+...)/L  and  H/L  ratios  (Leutz  et  al. . 1966),  but  the  accu- 
racy of  this  result  is  insufficient  for  meaningful  comparison 
wlth  theory. 


Capture  probability  P^,.  Selected  K-capture  probabilities  for 
allowed  and  first- forbidden  transitions  are  compared  in  Table  3.5  with 
theoretical  predictions  for  allowed  transitions.  Two  selected  measure- 
ments on  are  compared  with  theoretical  capture  probabilities  for 
vinique  first- forbidden  transitions.  The  K-capture  probability,  unless  the 
reduced  capture  ratio,  depends  on  the  transition  energy  as  well  as  on 
the  atomic  number.  In  Fig.  3—14  we  have  plotted  the  ratio  of  experimental 

to  theoretical  P vs.  Z.  The  recalculated  exchange  and  overlap  cor- 
1C 

rections  according  to  Bahcall  {1963a, C,  1965a)  (Sec.  2.5)  were  used  in 

, 133  145_ 

the  theoretical  calculations.  For  several  nuclxdes  (e.g.  Ba,  Pn, 
^^^Gd,  , the  energy  Q_„  is  not  known  with  sufficient  accuracy. 
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New,  more  accurate  measvirements  for  are  desirable  for  some  nuclides, 

K 

. 73^  75^  83„  84„,  , 195,  ^ • 4,  o-i. 

e.g,  for  As,  Se,  Rb,  Rb,  Yb,  and  Au.  The  spin  of  the 

151  + 

307-keV  level  of  Eu  is  not  exactly  knovm.  It  is  quoted  as  (3/2)  or 

+ - 151 

(7/2)  . The  transition  from  the  (7/2)  Gd  ground  state  to  this 

level  can  therefore  be  non— unique  or  unique  first- forbidden.  Compari- 
son of  the  measured  P„  = 0.811+0.021  with  the  theoretical  P„  = 0.740  for 
a non-unique  and  P = 0.428  for  a unique  transition  supports  the  (7/2)'*’ 
assignment. 

E:q)erimental  and  theoretical  K-capture  ratios  are  seen  from  Fig. 
3-14  to  agree  within  ^<5%;  there  is  no  systematic.  difference  between 
allowed  and  first- forbidden  non-unique  transitions. 

3.3.4.  Conclusions  and  Recommendations 

From  tables  3.3-.3.S  and  from  Figs.  3-12,  3-13,  and  3-14  we  find 

that  experimental  and  theoretical  electron-capture  data  agree  rather 

well,  viz. , on  the  average  to  '\»3%  in  the  case  of  L/K  ratios,  'v,9%  for 

M/L  ratios,  and  5%  for  P values.  The  e:q)erimental  accuracy  is 

insufficient  to  distinguish  -between  the  theoretical  correction  factors 

for  exchange  and  overlap  effects.  These  effects  are  expected  to  be 

7 

largest  in  the  decay  of  Be  (Odiot  and  Daudel,  1956;  Bahcall,  1963). 

7 

Experiments  to  measure  the  P /P„  ratio  of  Be  have  been  xmsuccessful  due 

X/  iC 

to  experimental  limitations  (Renier  et  al. , 1968) . 

New,  more  accurate  measurements  of  capture  ratios  and  should 
be  performed.  More  accurate  results  for  second—  and  higher-order  for- 
bidden transitions  would  be  useful  to  deduce  nuclear  matrix  elements. 
Furthermore,  more  accurate  energies  are  very  much  needed. 
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3,4  Determination  of  K/3  and  EC/3  Ratios 

In  Secs.  3-4  and  3.5  -we  list  all  available  experimental  K/3  and 
EC/3^  ratios  and  describe  the  experimental  techniques  involved  in  these 
measurements.  We  compare  experimental  ratios  for  allowed,  unique  first-  . 
forbidden  and  non-unique  first- forbidden  transitions  with  the  appropriate 
theoretical  values. 

Source  preparation  is  an  important  aspect  of  these  measurements - 
Allowed  3'*'  emitters  are  generally  short-lived,  many  of  them  having  half- 
lives  of  the  order  of  seconds,  minutes  or  hours  (Fig.  3-15) . In  order 
to  study  3^  emitters  with  comparative  ease  a continuous  supply  of  the 
source  is  therefore  often  necessary.  Positron  emitting  nuclei  are 
normally  deficient  in  neutrons,  hence  one  cannot  prepare  them  by  s low- 
neutron  bombardment  of  stable  isotopes  in  reactors.  Instead,  the  stable 
isotopes  are  usually  converted  to  radioactive  isotopes  by  such  reactions 
as  {y,n) , using  machines  like  synchrotrons  or  electron  linear 
accelerators,  or  by  (n,2n)  reactions  with  fast  neutrons  from  such 
devices  as  Cockroft-Walton  generators  'or  high-current  electrostatic 
accelerators.  Cyclotron  irradiation  with  protons,  deuterons  or  alpha 
particles  to  produce  proton- rich  (neutron-deficient)  nuclei  is  another 
useful  method  of  preparing  positron  emitters. 

The  radioactive  source  must  be  transported  to  the  detector  in  a time 
that  is  short  compared  with  the  half-life.  This  problem  has  been  solved, 
for  example,  by  fast  pneumatic  transfer  systems  in  which  solid  sources 
can  be  conveyed  from  the  irradiation  site  to  the  detector  in  a fraction 
of  a second.  Continuoiis  gas  flow  systems  (Fig.  3-16)  have  .also  been 
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used  extensively  (Ledingham  ^ , 19&5) ; if  narrow-bore  tubing  is  used 

in  conjunction  with  a gas  pressure  of  several  atmospheres,  the  radio- 
active source  (in  gaseous  form)  can  be  conveyed  to  the  detector  in>  a 
very  short  time.  Where  the  sources  cannot  be  obtained  .in.  suitable  solid 
or  gaseous  forms,  the  problem  can  often  be  solved  by. using'  liquids  under 
pressure  with  the  radioactive  source  dissolved  in  the  medium  or  In 
suspension. 

' The  main  types  of  measurement  used  to  determine  K/0  and  EC/S 
ratios  are  summarized  in  Table  3.1.  These  various  techniques  and  the 
sources  of  error  involved  in  them  are  .described _in  .Secs.  4. 1-3. 

3.4.1.  Measurements  of  K/g  Ratios  wrth  Internal  Sources 
Internal-source  proportional  counter.  In  this  method  (No.  20).,  the 
radioactive  source  in  gaseous  form  is  mixed  with  the  normal  proportional- 
counter  gas.  If  the  half-life  of  the  source  is  sufficiently  long,  the 
gases  may  be  static,  but  for  short-lived  nuclei  continuous  production 
of  .the  source  and  gas  flow  through  the  counter  is  employed.  .The 
electron-capture  events  are  detected  as  discrete  peahs  superiit5>osed  on 
the -positron  continuum.  A major  pcirt  of  -the  error  in  -these  measurements 
comes  from  -the  procedure  .adopted  .in  separating  -the  K-capt-ure  peak  from 
the  continuum. 

+ 

Measurements  of  K/6  ratios  by  this  technique  have  generally  been 

made  under  conditions  where  K x-ray  escape  from  -the  counter  is  very 

small.  For  high-Z  nuclei,  the  proportional  counter  must  -therefore  be 

operated  at  high  pressure.  For  low  z ‘nuclei,  counters  can  be  operated 

+ 

at  normal  pressure,  but  for  such  nuclei  the  K/3  ratio  is  usually 
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extremely  small,  whence  it  is  often  difficult  to  resolve*  the  K peas 
from  the  positron  spectrum. 

We  assume  that  the  radioactive  source  can  be  produced  with 
negligible  competing  activities,  a situation  which  is‘  usually  attain- 
able in  practice.  1^16  positrons  and  K-captvire  events  are  detected,  with 
practically  100%  efficiency.  Then  we  have 


P 

P 


K 


(3-45) 


'4' 

where  and  are  the  measured  intensities  of  the  K peak  and  the  3 

spectrum,  respectively.  Corrections  have  to  be  applied  "to  to 

account  for  the  number  of  positrons  which,  unlike  the  K x rays  and 

Auger  electrons,  may  enter  the  sensitive  volume  from  the  ends  of  the 

proportional  counter.  This  correction  was  calculated  to-be  4.6%  in 
18 

the' case  of  F (Drever  et  al. , 1956) . 

Solid  internal  sources  may  also  be  employed  (e.g..  Avignon,  1956)  but 
corrections  for  the  absorption  of  the ’x  rays.  Auger  electrons  and  posi- 
trons in  the  source  itself  must  then  te  taken  into  account. 

In  cases  where  the  decay  leads  to  an  excited  state  of  the  daughter 
nucleus  it  is  sometimes  possible  to  measure  coincidences  between  the 
spectrum  in  the  proportional  counter  and  the  de-excitation  y ray,  thus 

reducing  the .background.  This  technique  was  applied  by  Kramer' et  al. 

58 

(1962b)  to  the  decay  of  Co. 


Internal-source  proportional  counter  with  anticoincidence.  This 
technique  (No.  21)  is  similar  to  Method  20  and  is  particularly  suitable 
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generally  very  much  less  intense  than  the  positrons.  In  order  to 

resolve  weak  K-capture  peaks  from  the  positron  continuum,  an  anti- 

coincidence  cotinter  is  employed.  One  such  counter  with  a plastic 

scintillator  as  anticoincidence  detector  is  shown  in  Fig.  3-17.  Both 

the  positron  and  electron-capture  events  are  detected  in  the  central 

proportional  counter;  only  the  positrons  can  reach  the  surrounding 

coxmter.  Thus,  if  signals  from  the  central  coxmter  are  taken  in  anti- 

coincidence  with  those  from  the  svirrounding  plastic  scintillator,  a well- 

resolved  K peak  is  obtained.  Figure  3-18  shows  a typical  K peak  from 
30 

P,  measured  with  the  counter  shown  in  Pig.  3-17. 

From  the  total  spectrum  in  the  central  counter  and  the  K peak  in 

the  anticoincidence  spectrum,  i_  and  . are  obtained  and  Eq.  (3-45)  . 

K 

applies  as  in  Method  20. 

Unless  high-pressure -counters  are  employed,  this  method  becomes 
complicated  for  nuclei  with  Z^18  beca\ise  corrections  for  x-ray  escape 
must  be 'made.  ‘'The  method  then  becomes  intrinsically  less  accurate, 
and  hence,  has  so  far  been  employed  only  in  the  low-Z  region. 

Internal-source  scintillation  co\inter.  In  this  technique  (Method 

22) , the  radioactive  source  is  distributed  in  a scintillating  crystal 

(usually  Nal)  by  introducing  it  into  the  melt  from  which  the  crystal  is 

grown.  The  capture  and  positron  events  are  detected  in  the  scintillator, 

with  the  K x rays  and  K Auger  electrons  producing  a well-defined  peak 

so  that  the  K/3^  ratio  can  be  determined.  The  interpolation  of  the 

continuum  under  the  peak  is  a major  source  of  error.  Examples  of  this 

+ 22 

technique  are  the  measurements  of  the  K/3  ratios  for  Na  with  an  error 
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of  9%  (McCann  and  Smith,  1969)  and  for  '^°Co  with  an  error  of  2%  (Joshi 

and  Lewis,  1961).  In.  both  of  these  iso,topes  the  decay  leads:  to  an 

excited  state  of  the  daughter  nucleus  which,  then  de-excites  by 

emission..  To  reduce  background,  the  positron  and  electron-capture 

events  were  measured  in  coincidence  with  the  de-excit'ation  gairaua  rays, 

detected'  in  a second  scintillation  counter. 

Corrections  must-  be  applied  for  the  escape  of  positrons  from  the 

source  crys.tal  before  they  have  deposited  sufficient  energy  to  be 

detected.  If  coincidences  are  taken  with  a de-excitation  gamma  ray, 

allowance  should  furthermore  be  made  for  the  loss  of  positron  counts 

due  to  the  summing  of  the  gamma  ray  with  a 511-keV  positron-annihilation 

22 

photon,  a K peak  from  Na  (McCann  and  Smith,  1969)  is  shown  in  Pig. 
3-19.  . The  difficulty  of  obtaining  peaks  at  these  very  low  energies  with 
a scintillation  counter  is  considerable.  Specially  selected  low-noise 
„ photomultiplier  tubes  must  be  used  in  conjunction  with  an  electronic 
system  that  is  capable  of  eliminating  afterpulses  from  long-lived 
phosphorescence  associated  with  large  energy  deposition  by  positrons  in 
the  radioactive  scintillator.  _ - ■ 

Because  the  positrons  and  the  K- capture  events  are  detected  with 
approximately  100%  efficiency,  Bq.  (3-45)  again  applies,  allowing  for 
the  corrections  described  above. 

+ 

3.4.2.  Measurements  of  K/3  Ratios  with  External  Sources 
Spectroscopy  of  positrons  and  K Auger  electrons.  In  this  type  of 
measurement  (No.  23) , the  areas  under  the  Auger  lines  and  the  positron 
spectrum  are  measured.  Since  the  Auger  electrons  and  the  positrons  are 


oppositely  charged,  a magnetic  spectrometer  with  a Geiger,  proportional 


or  scintillation  .counter  is  often  used  to  analyze  the  radiations.  The 
difficulty  rjf  subtracting  a P spectrum  from  a K peaX  is  thus  avoided. 

In  order  to  determine  a K/3^  ratio  from  such -measurements , -the  value 
of  the  K— shell  fluorescence  -yield  m must  be  known.  There  were  often 

iC 

fairly.iarge  pxrors  in  the  TOlues--of  cu  -employed  in  the  early  -e35>eri- 

K 

ments.  However,  3ambynek  £t  .al . .(1972)  Jhave  selected  reliable  measure- 
ments of  (!)„  and  carried  out  a .semi -empirical  fit  -to  these  -values. 

In. 

Thus,  rfor  many -cases , uncertainty  in  o)  need  no  longer  serionsly  limit 

K ‘ ’ 

-the  accuracy  -of  this  method. 


■33ie  ^relation 


ICA. 


(3-46) 


applies,  -where  I^  is  -the  total  intensity  of -the  1C  .Auger  .lines.  Cor- 
rections  for  absorption  of  low-energy  Auger  electrons  and  P in  the 
source  ure  ve:^  important  mnd  contribute  significantly  -to  the  .errors 
involved  in  -this  technique. 


Spectroscopy  of  K x rays  and  positrons.  In  this  method  (No.  24) , a 
-solid -source  is  placed  -.outside  mf  semiconductor  or  scintilla-tion 
counters.  The  K x rays  and  positron  continuum  are  detected  either  in  the 
same  or  separate  counters,  -the  Auger  electrons  generally  being  absorbed 
before  reaching  the  detectors.  A major  uncertainty  again  arises  from 
the  subtracting  of  the  spectrum  from  the  K x-ray  peak.  As  with 
Me-thod  23,  this  technique  requires  knowledge  of  the  fluorescence  yield. 
Assuming  that  -there  are  no  competing  activities,  and  correcting  for 
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absorption,  the'  equation  applicable  to  this  method  is 


KX 


(3-47) 


Account  must  be  taken  of  any  differences  in  solid  angle  for  the  -detec- 
tion of  K X rays  and  positrons.  Self -absorption  of  x rays  in  the  source 
is  an  important  factor  in  this  technique  and  makes  the  use  of  thin 
sources  desirable. 

Figure  3-20  shows  how  clearly  the  K x rays  may  be  separated  from  the 

91 

continuum  in  the  decay  of  Mo  (Fitzpatrick  ^ , 1975) . This  spectrum 

2 

was  obtained  from  a 5-mg/cm  thick,  ac"f:ivated  molybdenum  foil  placed 

2 

2 cm  from  a Si (Li)  detector  (area  30  mm  , thickness  5 mm).  The  Ka  and 

Kg  X rays  of  Nb  are  well  resolved  and  the  fluorescent  K x rays  of  Mo 

caused  by  positron  excitation  of  the  foil  can  also  be  seen.  Although 

91 

the  intensity  of  the  K-capture  branch  in  the  decay  of  Mo  is  small 

(*^5%) , the  error  in  estimating  the  areas  of  the  K x-ray  peaks  can 

easily  be  kept  as  low  as  1%.  There  is,  however,  a difficulty  in 

ensuring  that  the  solid  angles  for  the  x rays  and  the  positrons ■ are  . 

the  same,  even  when  a single  detector  is  employed.  This  difficulty  can 

be  reduced  by  using  a detector  with  a large  surface  area.  The  K x-ray 
91 

spectrum  of  Mo  measured  with  a 5.1-cm  0.63-cm  Nal  (Tl)  detector  is 

shown  in  Fig. ,3-21.  The  fine  structure  in  the  spectrum  of  Fig.  3-20  is 
unfortunately  lost  due  to  the  Intrinsically  inferior  resolution  of 
Nal (Tl) . Corrections  are  required  for  absorption  of  the  K x rays  and 
positrons  and  for  the  scattering  of  positrons  out  of  the  detector  before 
they  have  deposited  sufficient  energy  to  be  detected. 


X43 


An.  interesting  development  of  this  technique  is  shovm  in  Tig.  3-22 
(Can5>bell  ^ al . , 1975).  Here,  the  radioactive  sample  is  placed  between 
two  CaF^  (Eu)  scintillators  in  a 4ir  arrangement.  This  arrangement  over- 
comes the  problem  caused  by  positrons  being  scattered  out  of  the 
detector  before  depositing  sufficient  energy  to  be  detected,  or  being 
scattered  into  the  detector  from  surrounding  material. 

Many  of  the  early  K/6  measurements  in  this  category  (Method  24) 
employed  absorption  techniques,  typically  with  a Geiger  counter  and 
different  absorbers  to  determine  the  relative  intensities  of  the  K x rays 
and -the  positrons.  The  accuracy  of  these  measurements  is  very  poor. 


• • • 

Spectroscopy  of  K x rays  and  g annihilation  photons. • This  technique 
(No.  25)  is  similar  to  the  previous  method,  but  instead  of  detecting 
the  continuimi,  the  positrons  are  stopped  in  an  absorber  and  the 
511-keV  annihilation  photons  are  detected.  The  source  must  be  sur- 
rounded by  sufficient  jnaterial  to  ensure  that  .all  positrons  .are  .s.topped 
at  a well-defined  position,  as  close  tq  the  source  as  possible.  The 
K X rays  and  the  annihilation  photons  may  be  counted  simultaneously, 
with  corrections  applied  to  both  intensities  to  allow  for  the  presence 
of  the  3"*"  absorber.  Alternatively,  when  the  half-life  of  the  source  is 
sufficiently  long,  spectra  taken  with  and  without  the  absorber  may  be 

used  to  determine  I-,.  ^^“5  respectively, 

oil  KA 

•J" 

The  K/g  ratio  is  deduced  from  the  relation 


K 
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.A. .correction.  must_be-  applied  -to-X^Yl-  -the--loss-  of-5H-keV-  -y— i?ays~<iue> 

to  the  summing  of  two  such  y rays,"  the  size  of  this  correction  depends- 
on  details  of  geometry  and  the  type  of  detector.  The  effect  on  of  ' 

3 annihilation  in  flight  (e.g.  Kantele  and'  Valkonen,  1973)  must  also 
be  considered,  although  in  many  cases  this  has  been  assumed'  to  be 
negligibly  small. 

*+* 

3,4.3.  Measiurements  of  EC/g  Ratios 

EC/3"*"  ratios  are  determined  by  measuring  the  number  of  positrons 

emitted  by  the  parent  leading-  to  an  excited  state  of  the  daughter 

nucleias,  and  the  number  of  y rays  or-  conversion  electrons  from  that 

level  in  a given  time  interval.  Since  the  total  number  of  y rays  plus 

conversion  electrons  is  equal  to  the  total  number  of  positrons  and 

electron  capture  events — corrected  with  reference  to  the  decay  scheme 

+ + 

where  necessary — the  ratio  EC/B  of  total  electron  capture  to  3 emissxon 

can  be  determined.  Errors  in  these  measurements  can  be  kept  very  small, 

especially  if  the  decay  scheme  is  well-known.  For  example,  the  EC/3 
22  58  * 

ratios  for  Na  and  Co  have  been  determined  to  'xO.3%  and  'vO.7%, 
respectively.  Errors  in  the  decay  scheme  can,  however,  be  large,  and 
have  led  to  large  systematic  errors  in  many  of  these  measurements. 

Spectroscopy  of  y rays  or  conversion  electrons  and  annihilation 
photons ■ One  of  the  simplest  forms  of  EC/3^  measurements  consists  of  a 
comparison  of  the  relative  photopeak  intensities  of  the  de-excitation  y 
rays  and  the  3^  annihilation  photons  in,  for  example,  a scintillation 
or  semiconductor  detector  {Method  26).  As  for  Method  25,  the  source 
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jaust  Jae  -siirrounded  by  sufficient  -material  to  annihilate-  the  ^lositrons 
near  the  source  to  ensure  that  the  solid  angle  is’  the  same  for  both  the 
nuclear  and  the  annihilation  photons.  Corrections  are  required  for 
absorption  in  the  source  and  detector  window,  for  decays  to  other  levels 
in  the  daughter  nucleus,  for  summing,  and  for  annihilation  of  positrons 
in  flight.  In  cases  where  the  energy  of  the  de-excitation  y rays  is 
high  it  may  be  necessary  to  correct  for  a contribution  to  the  annihilation 
photons  due  to. internal  and  external  pair  production  (e.g.,  Rupnik, 

1972) . 

The  total  capture  to  emission  ratio  is  given  by 
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■where  and  photopeak  areas  of  .the  de-excitation  y ray 

and  B"*"  -annihilation  photons,  respectively,  -and  a is  the  internal  con- 
version coefficient. 

"A  variation  of  this  technique  which  has ' of ten -been  employed, 
particularly  in  the  early  measurements,  is  the  comparison  of  the  photo- 
peak areas  of  -the  511-keV  and  de-excitation  y rays  for  the  source  being 
investigated  with  similar  areas  for  a source  with  a known  EC/B"*"  ratio. 
Thus,  if  the  subscripts  a and  b refer  to  the  source  with  known  and 
unknown  EC/B  ratio,  respectively,  we  have 


+ 1 
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b \ /b 

This  method  is  suitable  when  the  de-excitation  y rays  for  the  two 
sources  are  of  similar  energy,  since  the  ratio  of  efficiencies 
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-is  -then-  approx-imatel-y-un-i-fey-i' — Hencs  -the  -EG/3  - -rat-io  -is-  -then -independent- 
of'  detector  efficiency.  The-  accuracy  of  this  method  is  obviously 

limited'  by  the.  error  in  -the  EC/3  ratio  of  the  standard  source.  Often 

22  + 

Na  was  used  for  this  comparison  but  the  range  of  reported  EC/3 

values  for  this  isotope  is  large  (Table  3.6).  Some  authors  did  not  even 

state  which  comparison  value  •they  employed. 

A less  common  variation  of  this  technique  consists  of  measuring  the 

Intensities  of  the  3 annihilation  photons  and  the  conversion  electrons, 

rather  than  the  de-excitation  y rays.  This  method  is  only  feasible  in 

special  cases  where  •the  internal  conversion  coefficient  is  high. 

Several  measurements  have  been  carried  out  employing  a similar 

technique  in  which  the  positron  activity  was  determined  from  the  area 

under  the  3'*’  spectrum  rather  than  from  the  intensity  of  the  annihilation 

photons.  As  above,  comparison  with  an  isotope  with  a well-known  EC/3 

ratio  was  often  employed.  The  results  reported  from  this  technique, 

however,  have  very  large  errors • (>20%) . 


Measurement  of  3 -Y~^a.v  coincidences.  The  principle  of ‘this  method 
(No.  27)  is  to  determine  the  mmnber  of  y ^rays,  I^,  and  of  positron-y-ray 
coincidences,  Various  combinations  of  detectors  may  be  employed. 

Typically,  scintillation  or  semiconductor  detectors  have  been  used  for 
the  y rays  while  the  positrons  were  detected'  in  proportional  or 
scintillation  counters.  A 4tt  proportional  counter  or  an  internal-source 
scintillation  counter  (I^eutz  and  Wenninger,  1967)  have  also  been 
employed  to  detect  the  positrons. 

The  EC/3  ratio  is  given  by 
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Comparison  of  and  measurements  for  a source  of  known  EC/B 

ratio  has  often  been  employed. 


Sum- coincidence  technique.  In  this  moire  sophisticated  coincidence 
technique  (No.  28) , the  quantities  measured  are  the  positron  intensity 

the  y-ray  intensities  and  positron-y-ray  coincidence 


yN 


yS' 


intensities  ^8+-yS'  'Yjj  ^refers  to  the  normal  de-excitation. 

*4* 

y ray  and  Yg  is  the  sum  of  a B annihilation  photon  and  Yj^..  It  can  be 
shown  (Williams,  1964)  that  the  relation 

holds,  where  1^  represents  the  total  number  of  disintegrations. 
Furthermore,  we  have  
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whence 
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In  a measurement  of  the  EC/g  ratio  for  Na  (Williams,  1964) , the  g 
activity  was  determined  with  a 4ir  proportional  counter.  For  the  detection 
of  y , two  large  Nal (Tl)  crystals  were  used  to  obtain  a high  efficiency 
for  the  summation  events.  For  y^,  one  smaller  Nal(Tl)  crystal  was  used 
to  minimize  the  efficiency  to  summation  events.  The  simplifying 
assumptions  involved  in  Eq.  (3-54)  and  the  corrections  which  must  be 
applied  are  discussed  in  detail  by  Williams  (1964) . 


Measurement  of  triple  coincidences.  The  EC/3  ratio  can  be  obtained 
by  taking  the  Y'^ray  spectrum  in  triple  coincidence  with  two  3^  annihila- 
tion photons  (Method  -No.  29) . The  two  counters  for  annihilation  photons 
are  placed  -opposite  each  other  with  analyzer  channels  set  to  record  the 
511~keV  photopeaks  only.  Due  to  the  nature  of  the  annihilation  process, 
the  efficiency  for  the  detection  of  coincidences  of  two  511-keV  y mys 
at  180°  is  sufficiently  increased  over  other  coincidences  that  even 
very  weak  positron  emission  can  be  detected.  A typical  electronic 
arrangement  for  this  type  of  measurement  is  shown  in  Fig.  3-23.  The 

•Y“3:ay  singles  intensity  I and  of  the  triple  coincidence  intensity  I 

Y 

are  measured.  If  similar  measurements  are  made  for  a source  ^ whose 

+ + 

EC/3  ratio  is  known,  then  the  unknown  EC/3  ratio  source  b is 
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Corrections  are  required  for  such  effects  as  summing,  3 annihilation 
in  flight,  differences  in  the  detection  of  annihilation  radiation  for  the 
two  sources  due  to  possible  differences  in  solid  angle  and  in  summing  of 
the  Y rays  and  the  annihilation  radiation,  and  the  possibility  of 
coincidences  due  to  Compton  events  from  high-energy  Y rays  being 
registered  in  the  analyzer  window  of  the  annihilation  detectors. 


Measurement  of  (Y~ray) - (3^-annihilation-photon)  coincidences.  The 
various  coincidence  techniques  are  very  similar  in  principle  and  this 
method  (No.  30)  is  essentially  a variation  of  Method  27.  The  quantities 
measured  are  the  n\mber  of  nuclear  y rays  and  the  number  of  coincidences 
of  nuclear  aind  3^  annihilation  photons  , 

511-y 


The  ustial  corrections 
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for  absorption,  summing,  and  3 annihilation  in  flight  are  required. 
The  EC/3^  ratio  is  given  by 


‘EC 


21 
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- 1. 
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Miscellaneous . The  ej^eriments  in  this  group  (No.’  31)  do  not  fall 

readily  into  any  of  the  o'ther  categories.  Many  of  ’the  experiments  were 

carried  out’  by  employing  various  coicbina-tions  of  methods  20-30 . No  loss 

of  accuracy  need  be  implied.  This  category  also  includes  methods  which 

have  been  employed  in  only  very  few,  exceptional  cases  and  because  of 

their  limited  application  do  not  warrant  description  as  a separate 

technique.  Also  included  in  the  miscellaneous  category  are  a few 

experimental  results  whose  methods  are  in  doubt  due  to  incomplete  details 

provided  in  the  published  papers. 

One  different  approach  to  EC/^  measurements  is  -the  technique 

employed  by  Allen  et  a^.  (1955)  for  the  determination  of  'the  EC/ 3"^  ratio 
22 

for  Na.  This  involves  a comparison  of  -the  number  of  positrons  emitted 
from  the  source  with  the  number  of  daughter  atoms  produced  (Alvarez, 
1937)..  The  positron  activity  was  determined  using  a 4tt  Geiger  counter 
and  -file  -ratie  -of  evolution  of  the  -daughter  (Ne)  -was  -determined  by  gas 
analysis. 

Another  interesting  technique  has  been  applied  by  Gleason  (1959)  to 

65  + 

Zn  which  decays  by  electron  capture  and  3 emission  to  the  ground 

65 

state  and  by  electron  capture  to  the  first  excited  state  of  Cu.  Using 
a measured  value  for  the  efficiency  of  detection  of  the  de-excitation 
Y ray,  the  total  electron  capture  decay  rate  and  the  electron  capture 


150 


branching  ratio  were  determined  from  measurements  of  the  K x-ray 
counting  rate,  the  y-ray  singles  rate  and  (K-x-ray) - (y-ray)  coincidence 
counting  rate.  The  assumption  was  made  that  the  ratio  of  K-electron 

capture  to  total  electron  capture  was  the  same  for  both  branches.  The 

*4*  > « . 

3 emission  rate  was  determined  by  counting  coincxdences  of  annihilation 

photons  in  two  detectors  at  180^’  and  thus  the  EC/3^  ratio  for  the 

ground  state  transition  was  found.  The  important  feature  of  this 

technique  is  that  although  K x rays  were  used  to  indicate  the  occurrence 

of  electron  capture,  the  deduced  value  of  the  EC/3^  ratio  is  independent 

of  the  fluorescence  yield. 


3.5.  Ejiperimental  Results  and  Comparison  with 
Theory  for  K/3"*"  and  EC/3^  Ratios 


3.5.1.  Results 

All  published  experimental  K/3^  and  BC/3^  ratios  are  listed  in 
Table  3.6.  Table  3.7  contains  selected  ejqjerlmental  K/3  and  EC/3 
ratios  for  allowed  transitions.  Only  ratios  for  transitions  to  a single 
final  state  in  the  daughter  nucleus  are  included.  Unfortunately, 
information  provided  on  some  measurements  was  not  complete  and  these 
results  had  to  be  rejected.  Where  the  m values  were  stated,  results 

Iv 

were  recalculated  using  the  latest  reliable  fluorescence  yields j 

derived  with  the  aid  of  Eq,  (3-35). 
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The  remaining  K/3  and  EC/ 3 

ratios  were  found  to  lie  in  two  distinct  groups,  one  with  errors  ranging 
up  to  12.5%  and  the  other,  consisting  mainly  of  the  earlier  measurements, 
with  considerably  larger  errors.  Since  the  two  groups  are  well 
separated  only  the  results  from  the  former  are  considered  further. 

Tables  3.8  and  3.9  contain  selected  results  for  first-forbidden 
unique  and  first-forbidden  non-unique  transitions.  Results  with  errors 
greater  than  25%  or  without  quoted  errors  were  excluded. 


3-5.2.  Theoretical  Predictions 
Allowed  transitions.  The  theoretical  K/p"*"  ratios  for  allowed 
transitions  in  Table  3.7  have  been  calculated  according  to  the  relation 


K 


2 {W  -W) (Z ' ,W)  dp 


(3-57) 


[see  Eqs-  (2-ill),  (2-125),  and  (2-126)].  Small  corrections  [Eq. 
(2-128) ] were  neglected.  The  values  of  6 were  taken  from  Mann  and 

Iv 

Waber  (1973)  (Sec.  2.2.2)  and  the  intensity  of  the  3 spectrum  was 
computed  with  the  tables  iof  J’ermi  functions  of  Behrens  and  Janecke 
(1969) . The  energies  were  taken  from  the  atomic  mass  tables  of 
Wapstra  and  Gove  (1971)  Errors  in  the  theoretirial  K/3^  ratios  in 


Table  3.7  reflect  only  -he  uncertainty  in  ohcained  from  Wapstra  and 

Gove.  The  value  of  B used  in  these  calculations  is  discussed  in 

K 


Sec.  3.5.3. 
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•f*  , 

*rhe  theoretical  EC/g  ratio  for  allowed  transxtrons  is 


0 

1 

Sc 

2 2 
Eq^  g B 
K ^ X X 

Pg+ 

^g+ 

s ' 

^g+  q-  ^g  ^B 
^ % '^K  K 

where  x stands  for  K,  L^, 

S' 

S' 

or  M^,  and  PjyP^+  is 

the  theoretical 

K/g^  ratio  for  an  allowed  transition  [Eq.  (3-58) ] . 


Unique  forbidden  transitions.  In  general r the  K/g  ratio  for  for- 


bidden transitions  is 


?g+  2 /^Op^  (W  -W)  (Z ' ,W)  C (W)  dp 


where  C and  C(W)  are  shape  factors  and  the  bar  represents  averaging 
K 

over  the  g"*”  spectrum  [Eq.  (2-134)  ] . The  shape  factors  contain  matrix 


elements  and  are  functions  of  W and  W . rPor  unique  forbidden  transi- 

o 

tions  it  is  possible  to  separate  the  matrix-element  and  the  energy 
dependence  of  and  C(W)  to  give  explicit  exptessions  for  the  ratio 
C„/C (wT  (Sec.  2,4.4). 

K.  ^ 

The  first-forbidden  unique  transitions  Eq.  (2-135)  is  simplified 


to 


(3-60) 


where  q is  the  neutrino  momentum,  p is  the  positron  momentum,  and  the 
bar  represents  averaging  over  the  g^  spectrum.  The  theoretical  first- 
forbidden  unique  K/g*  ratios  shown  in  Table  3.8  have  been  calculated 


using  these  expressions,  with  values  of  from  the  tables  of  Behrens 
and  Janecke (1969) . For  comparison  of  theory  and  experiments,  one  can 
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use  the  approximations  W. 


K 


2 2"  2 

1 and  q + X_p  (W  -1) , whence 
2 O 


C(W) 


W -1 
o 


Equation  (3-61)  has  an  accuracy  of  a_  few  percent. 


(3-61) 


Non-unique  forbidden  transitions.  For  non-unique  forbidden  transi- 
tions, K/B"*"  ratios  cannot,  in  general,  be  calculated  es^licitly  (Sec. 
2.4.3).  For  the  special  case  of  non-ionique  first 'forbidden  transitions, 
however,  which  exhibit  a 3 spectrum  with  an  allowed  shape,  the  K/3 
ratio  is  esqjected  to  be  the  same. as  for  allowed  transitions.  Informa- 
tion about  the  shapes  of  .some  3 spectra  is  given  by  Paul  (1966)  and 
Daiiiel  (1968) . For  many  of  toe  non-unique  first-forbidden  decays  . 
listed  in  Table  3.9,  however,  details  of  the  spectrum  shape  are  not 
available.  .Nevertheless^  - to_provide  a general  .comparison,. .allowed 

theoretical  K/3  and  EC/3  ratios  are  indicated  for  all  cases.. 

* , » \ , 


3.5.3.’  Congiarison  of  Experiment  and  Theory 

Allowed  transitions.  Theoretical  and  selected  experimental-  .values 
*4"  *4* 

for  K/3  and  EC/3  ratios  are  listed  in  Table  3.7.  Exchange  ,and  over- 
ly corrections  haye  been  neglect 'jd-  in  the  theoretical  ratios;  they 

* » 

affect  -aie  total  capture  probability  and  3 emission  ’rate  only 

. ‘ 7 

slightly  (Bahcall,  ] 63a).  The  EC  probabilit”  for  Be,  e.g. , is  ’ , 

37 

affected  by  <0.1%,  nd  that  of  Ar,  by  <0."%  through  exchange,  and 

65  + 14 

overlap;  the  Zn  3 decay  rate  is  affected  by  ''^0'.1%>  and  that  of  ■ 0, 

by  <0.1%.  The  theoretical  K/3^  ratios  in  .Table  3.7  include  a correction 

factor  according  to  Bahcall  (Table  2,11);  from  Z>32,  the  factors  of 


15^ 


Suslov  (1970)  were  used.  At  present,  BC/B^-ratio  measurements  (Table 

3-7)  are  not  nearly  accurate  enough  to  help  decide  between  the  two 

sets  of  exchange  and  overlap  correction  factors  listed  in  Table  2.11. 

Figure  3-24  shows  the  ratio  of  es^erimental  to  theoretical  values 

for  all  the  results  in  Table  3.7.  The  interesting  and  very  accurate 
22 

point  for  Na  is  plotted  in  the  inset.  For  most  of  the  decays,  the' 

11  15 

ej^eriment/theory  ratio  is  less  than  unity;  exceptions  are  C,  O, 
^^Ne,  ^^Zr,  ®^”zr,  and  ^^^Sn.  The  disagreement  between  e;5>eriment  and 
theory  apparently  increases  with  Z. 

In  the  theory  of  allowed  trans'itions , only  s-wave  leptons  are 
considered  and  the  EC/g  and  K/g  ratios  are  independent  of  nuclear 
matrix  elements.  In  the  general  case,  leptons  do  not  leave  the 
nucleus  only  radially,  and  small  contributions  from  p and  d waves 
must  be  considered.  This  gives  rise  to  higher-order  matrix  elements 
that  do  not  cancel  in  the  ratios  (Sec.  2.4.2) . A correction  factor 
has  been  determined  [Eq.  (2-128) ] that  slightly  reduces  the  theoreti- 
cal ratios,  by  as  much  as  3%  at  Z=80- 

The  possible  existence  of  second-class  currents  does  not  sig- 
nificantly affect  electron-capture  to  positron-emission  ratios 
(Behrens  and  Biihring,  1974)  . 

First-forbidden  unique  transitions.  For  these  transitions  the 
experimental  K/g  ratios  are  compared  in  Table  3.8  with  first-forbidden 
unique  theoretical  ratios.  There  is  agreement  v/ithin  the  errors  betwee'ri 
e:q)eriment  and  theory,  but  the  ej^erimental  accuracy  is  fairly  poor. 


155 


Fxrst-forbidden  non-unique  transitions . The  experimental  K/S 
and  EC/3^  ratios  for  these  transitions  are  compared  in  '’’able  3.9  with 
the  corresponding  theoretical- ratios  for  allowed  transitions.  The 
conjjarison  is  made  for  interest  only;  a complete  theot  .'.I  treatment 
requires  knowledge  of  the  nuclear  matrix  elements  which  foi  hese 
transitions  do  not  cancel. 

3.5.4.  Conclusions  and  Recommendations 
It  can  be  seen  from  Fig.  3-24  that  theoretical  allowed  and 

EC/6  ratios  are  systematically  larger  than  eaqierimental  ratios;  the 
discrepancy  apparently  increases  with  Z.  Higher-order  effects,  such 
as  second-class  currents,  corrections  of  the 

type  described  by  Eq.  (2-128) , and  radiative  corrections  are  insuf- 
ficient to  resolve  -the  difficulty.  The  question  of  radiative  correc- 
tions is  still  unsettled;  it  has  been  shown  (Sec.  2,4.2)  that  these 
corrections  partially  cancel  out.  There  remains  a model-independent 
part  of  the  radiative  corrections,  however,  which  differs  in  -the  case 
of  electron  capture  from  that  in  positron  emission.  This  model - 
independent  correction  includes  the  well-known  emission  of  real  photons 
(internal  bremsstrahlung) . Calculations  for  6^  emission  have  been 
carried  out  to  order  a,  e.g.  by  ^ ilkinson  and  Macefield  (1970);  an 
increase  in  the  probability  of  6 emission  is  found  which  thus  reduces 
the  theoretical  capi  rre-to-posi-tron  ratios.  -he  correction  factor  in- 
creases as  Wjj  decre-ses  and  as  2 increases  ijid  amounts  to  1.5%  for 
58 

Co  (Williams,  1970)  if  it  is  assumed  that  the  correction  is  multi- 
plicative and  not  additive.  Radiative  corrections  for  electron  capture 
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have  not  yet  been  - calculated . 

It  would  be  of  interest"  to  establish  with  greater . accuracy  the  Z 
dependence  of  the  trend  shown  in  Fig.  3-24,  if  indeed,  such  a simple 
functional  dependence  on  Z exists.  -Remeasurements/  preferably  using 
different  techniques,  for  any  of  the  decays  in  Table  3.7  would  be  use- 
ful. ■ The  decays  of  ^^Zn,  ^^^Sn "and  any  high-Z  isotope  are  possibly 
the  most  interesting  for  study.  The  question  of  whether  there  is  real  ■ 

agreement  between  theory  and  ej^eriment  in  the  case  of  first-forbidden 

84  122 

unique  transitions  is  still  open;  measurements  on  Rb,  Sb  and 
12S 

I should  be  repeated  with  greater  accuracy. 

V 

The  theory  of  atomic  exchange  and  imperfect  wave-function  overlap 
effects  needs  to  be  refined  and  calculations  must  be  extended  to  low  Z. 
Critical  eJ^eriments  on  capture/3  ratios  which  would  differentiate  be- 
tween theoretical  approaches  have  yet  to  be  carried  out.  The  problem 
of  establishing  the  overlap  and  exchange  correction  for  the  K shell 

cannot  be  resolved  by  measuring  K/3  ratios  alone.  The  most  sensitive 
. 7 

isotope  for  study  is  Be  which  decays  solely  by  electron  capture;  a 

measurement  of  for  this  isotope  is  very  desirable  (Sec.  3.3.4). 

Some  new  and  interesting  EC/3^  ratios  have  recently  been  reported 

by  Firestone  et  al.  (1974,  1975a)  , Anomalously  high  ratios  are  found 

145  143 

for  hindered  allowed  transitions  in  Gd  and  Sm;  these  are  attributed 

to  the  interference  of  higher-order  nuclear  matrix  elements.  It  would 

be  of  great  value  to  verify  this  eJ^erimental  finding. 

Theoretically  K/$  ratios  for  allowed  transitions  are  plotted  in 

Pigs.  3-25  and  3-26  as  functions  of  Z and  of  the  3 end-point  kinetic 

energy.  These  ratios  were  calculated  according  to  Eq.  (3-58)  with 

B„  = 1;  the  graphs  may  be  used  where  an  accuracy  of  'ilO%  is  sufficient. 

K 
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4.  RADIATIVE  ELECTRON  CAPT'uEB 
4-1.  Theory 

Radiative  electron  capture  consists  of  process  '’ich  lead 
to  the  -production  of  a continuous  spectrum  of  electroi.  ig.  ic 
radiation  during  electron  capture  (EC)  decays.  Such  proce  's 
involve  the  emission  of  one  or  more  photons  during  a single  EC 
event-  The .energy -released  in  the  decay  is  shared  statistical' y 
among  these  photons  and  the  neutrino*  thus  accounting  for  the 
continuous  nature  of  the  resulting  spectra-  The  most. probable 
radiative' electron  capture  events  are  those  in  which  a single 
photon  acGorapanies  the  neutrino-  The  radiation  emitted  even  in 
this  mode  ds  qiiite  weak,  the  total  probability  dor  the  emission 
of  a single  photon  being  of  the  order  of  10-  per  EC -event.  "Ea- 
-diativa.jelectron-captur.e  processes  in  which  more  than  one^photon 

r • - . . ^ 15  • . ' 

is  emitted  occur  -with  far  'smaller "probabilities.  ■ Their  con- 
tributions to  the  radiation  spectra  are  completely  insignificant 
and  will  not  be  considered  further. 

TVom  the  point  of  view'  of  perturbation  theory,  radiative 
electron  capt'ure  is  a second-order  process  involving,.both'  beta 
and  electromagnetic  radiative  transitions.  The  two''transitionB 
connect  the  initi^  and  final  states  of  the  system  through  a set 
of  virtual  intermediate'  states.  In  gene  1,  there  are  two  funda- 
mentally different  types  of  inl-ermediat  states  through  which  the 
process  can  prpceed.  They  are  represented  pictorially  by  the 
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Feynman  diagrams  shown  in  Fig.  4-1.  The  first  type  CFig--  4-l(a)3 
involves  only  raccited  electronic,  states,  and  the  radiation  is 
produced  by  the  sudden  acceleration  of  charge  and  magnetic  moment 
associated' with  the  orbital  electron’s  capture.  This,  radiation 
is  commonly  referred  to  as  internal  bremsstrahlung  (IB)-  The 
second  type  CFigs.4-l(b)  and  (c)!l  involves  excited  nuclear  states 
and  the  radiation  arises  from  a nuclear  transition  which  may 
either  precede  or  follow  the  virtual  EC  decay.  These  two  decay 
modes  are  variously  denoted  as  electronic  beta-gamma  and  nuclear 
beta-gamma  transitions  or,  more  simply,  direct  and  detour  transi- 
tions. In  allowed  decays,  detour  transitions  are  expected  to 

g 

occur  at  a /-^lO  times  smaller  rate  than  direct  transitions.  In 
forbidden  decays,  this  difference  can  be  less  pronounced  (Long- 
mire,  1949;  Horowitz,  1952).  - 

Extensive  calculations  on  detour  transitions  were  carried 
out  by  Rose  (1962)  and  Lassila  (1963)  for  the 

especially  interesting  situation  in  v.'hich  the  initial  and  inter- 
mediate nuclear  states,  connected  by  a virtual  EC  transition, . are 
almost  degenerate-  It  was  shown  that  the  spectrum  of  the  radiation 
arising  from  detour  transitions'  is  sharply  peaked  near  the  end 
point  under  these  circumstances,  in  contrast  to  the  usual  IB  spec- 
trum. It  was  hoped  that  this  deviation  of  the  photon  spectrum 
from'  its  IB  form  might  be  observable,  revealing  the  presence  of 
detour  transitions,  even  though  their  contribution  was  still  ex- 
pected to  be  quite  small.  An  experiment  designed  to  test  these 
ideas  was  reported  shortly  thereafter  by  Schmorak  (1963) j who 
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studied  Ni,  a nucleus  possessing  a decay  scheme  with,  the  re- 
quired characteristics^  sind  found  that  the  ohserved  spectrum  did 
indeed  show  a very  small  distortion  from  the  predicted  IB  form 
near  the  end  point.  Attributing  this  distortion  to  the  presence 
of  detour  transitions,  Schmorak  {-1963)  concluded  that  such  transi- 
tions account  for  no  more  theui  '''0,6^  of  the  total  radiative  K- 
capture  transition  rate.- 

\fliile  the -contribution  .of  detour  transitions  is  of  great  in- 
terest for  the  study  of  nuclear  structure,  such  tra.nsitions  usual- 
ly do  not  significantly  affect  the  shape  or  intensity  of  radiative 
electron-capture -.spectra.*  ^ . For  this  reason-,  and  because  available 
-theoretical  resiUts  on  detour  transitions  are  very  limited,  such 
. transitions  will  be  disregarded  here  and-  all  calculations  will  be 
•confined  -to  -the  -determuation  of  the  direct-transition'  amplitude  , 
shovm  diagrammatically  in  iig.  4-l(a) . Clearly,  a highly  accurate 
theory  of  the  direct-traa^tion  process  will  be  necessary  to  per- 
mit the.  identification -of  any  detour-transition,  contributions  in  o'b 
served  spectra. 

^.1.1.  ?feitrix  Elements  and  Transition  Bates 

^Radiative  electron  capture  is  -expected  to  occur  with  signifi^* 
cant  probability  only  for  the  innermost  electrons  of  the  atom. 

Since  the  available  energy,  is  usually  greater  than  the  K— shell 
binding  energy,  the  K electrons,  which  spend  the  most  time,  in 
the  neighborhood  of  the  nucleus,  are  expected  to  provide  the 
dominant  contribution  to  the  IB  spectra  (except  at  very -lev;  photon 
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energies  where  .'2p-state  .capture  provides  'the  -dominant  contribu- 
t'ion-)..  In  Jail  ‘but  -the  very  lightest,  dtoms,  the  potential  in 
•which 'the  innermost  felectrons ’move  is  primarily  the  Coulomb  po- 
tential of  the  -nucleus-  For  this  -reason,  all  eTectron-electron 
interactions  and  the  -'screening  eind  correlation  effects  for  -vihich 
they  .are  responsible  -are  neglected  'in  current  theories,  and  it  is 
assumed  'that,  -each  orbital  electron  is  initially  .moving  -under  the  ' 
influence  of  only  the  nuclear 'Coulomb  field. 

Accordingly,  the  unperturbed  electron-field .operator 
is  chosen  to  satisfy  a Dirac  equation  containing  the  nuclear  Cou- 
lomb field, 

(Xjj^3.|^+l+T|^Za/r)’i'gCx)  = 0-  (4-1) 

In' this  representation,'  the  int eraction- -Hamiltonian 'density  , is 

Hj(x)  = H;;^('x)-fHj.p(xX,  (4-2) 

v;here  represents  the  interaction  of  the  electron  field  With 
the  Maxv/ell  field  and  represents  -the  EC  interaction,  assumed 
to  be  of  the  standard  V-IA  form-  The  matrix  element  associated 
with  diagram  (a)  of  Eig-  4-1  is  .derivable  by  standard  quantum- 
field  theoretic  methods-  As  Glauber  and  Martin  (1956)  have  shown, 
it  can  be  written 

= ieC^(2m/k)^'^2jdrj^a^(rjj)F(rjj)r^|^ 


(4-3) 


I6l 


with  the  matrix  element  of  the  nuclear  EC  current  density  defined 

In  these  equations,^  is  the  weak-interaction  vector  coupling  • 

constant,  and  we  have  X=.jc./C^J ,,  A =y  (1+Xy  ),  and  r ==y  (l+ye). 

jAvJ  FV"  P P. 

The  Y and  Y are  the  nucleon  field  operators,  and  and  $ are 
n p . a 

the  Dirac  spinor  wave  functions  for  a neutrino  of  momentum  P 
...  "“V, 

and  an  isiitial  electron  in  state  a,  respectively.  The  one-j>hoton 
state,  characterized. by  momentum  k and  polarization  e,  has  been 
-normalized  to  a iinit  volume.  The  intermediate-state -sum' which 
appears  in  Eq.  (-4-3)  lias  been  identified  as.  the  eigenfunction  ex- 
pansion for  the  Dirac-Coulorab  Green's  function, 


(-4-3) 


vri.th  EssE^-k,  where  E^  is  'the  relativistic  energy  of  the  orbital 
•electron  ■undergoing  capture. 

Two  comments  on  the  ^structure  jof -the  matr^ -element  ^ars  in 
order.  Eirst,  it  should  be  noted  that  the  role  played  by  posi- 
trons in. the  radiative  capture  process  is  included-  implicitly 
*in'the  s’bructure  of  -One  type  of  path  through  which  the  radi- 
ative capture  process  can  proceed  ,is  the  emission  of  a virtual' 
positron  by 'the. nucleus  .followed  by  its  single-quantum  annihila- 
tion with  an  orbital  electron.  Such  paths  are  accounted  for  by 
the  presence  of  the  various  negative-energy  eigenstates  in  the 
expansion  of  the  Green's  function.  Thus,  the  structure  of  the 
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Green*  s function'  is  such,  that -corapl'ete'  account  is  taken  of  the 
role  of  positrons' ‘in  the  radiative  capture  process.  ■ 

Since  the  theory ’developed  so  far  assumes-  tlie  presence' of 
any-  nuniher'  of  -orbital  electrons  moving  independently-  in  the  Cou- 
lomb 'field  of  the  nucleus,  the  Paiili  exclusion  principle  forbids 
virtual  radiative  transitions  to  intermediate  states  v/hichare’ 
already  occupied*  Presumably  such  'occupied  int'ermedia.'be  states 
should  then- be  ^dluded  from  the  eigenfunction  expansion.  How- 
ever,' -as-  was  first  pointed  out  quite  generally  by  Feynman '(1949) 
and.  emphasized  by  Glauber  and  Martin  (1956)  in  reference  to  radia-^ 
tive  electron  capture,  the  presence  of  an  obstructing  electron  ■ 
makes- another  path  possible  for  the ■ radiative  capture  prbcess, 
which  is  not  otherwise  available.  Ihis  path  consists  of  virtual 
EG;..of  the,' obstructing. 'electrorL  'follow.ed  by.  a ‘radiative  trarisxtiori'.'- 
Feynman  has  shown- that,  -for  a noninteract-ing  system,  the  total 
amplitude  - for  such  a new  path  exactly  compensates  for  that  of  the 
forbidden  intermediate  states';  thus-  oi'e  may  perform  the’  calcula- 
tion-as' if  all  the  other  states  were  unoccupied. 

Feynman’s  result  is-  easily  generalized  -to  include  -the  presence 
of-  a static  external  fieldj  such  as  the  field  -of  the  nucleus'j  and- 
consequently  it  has-been  assumed' valid  in' all  theoretical  studies' 
oh  radiative  electron- capture.  However,  as- pointed  out  by  Persson - 
and  Koohin  (1972),  radiation -before  capture  takes  places  in -the  Cou-^ 
lomb' field  of  element ‘Z,  while  ra'diation  following  capture  takes' 
place  in  the  field  of  element  Z'-1‘.  Coiisequently,  those  terras  in 
the  eigenfunction’expansioh-  for  the  Green’s  function  which- 
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correspond  to  occupied  atomic  states  should  really  be  represented^ 
by  Coulomb  eigenfunctions  for  element  Z-1  rather  than  element  Z. 
Undoubtedly,  for  Z»1  the  corrections  resulting  from  such  a modi-  . 
fication  of  the  eigenfunction  expansion  are  entirely  negligible. 
However,  for  very  low-Z  elements,  especially  at  the  lower  photon' 
energies  (kJZa)  where 'the  poles- corresponding  to  the  bound  states 
contribute  strongly  to  the  transition  amplitude,  such  a modifi- 
cation of  the- Green's  function  may  prove  to  be  of  importance. 

The  Green's  function  introduced  in  Eq,.  (4—3)  and  defined  by 
the  eigenfunction,  expansion  CEq.  (4-5)]  is  seen  to  satisfy  the 
inhomogeneous  .differential' equation 

■ (4-6) 

where  H is "the  Dirac-Coulomb  Hanfilbonian.  As  Glauber  and  Mar- 
c 

tin  ( 1956 ) have  shown,  the  evaluation  of  is  facilitated  by  the 
introduction  of  the  second-order  Dirac-Coulomb  Green's  -function 
gjj(£jj,r),  defined  by 

'^E^Sn*£-^  - S2(£jf>r)!^viHTjj^(E-t-Za/r)-(-l]  (4-7) 

and  satisfying  the  inhomogeneous  second-order  equation 

gg(rjj,r)Cv^+(E-i-Za/r)^-l-iZa  a-(Vl/r)3  =:  -6(rjj-^)...  (.4-8) 

With  the  introduction  of  Eq,  (4-7)*  the  matrix  element  of  Eq.-(4-3) 
lends  itself  to  considerable  siC5)lification  and  can  be  written 


Ifr . th.e-:Secs ...  2^  -ft  1 ..ft  th.es  evaluation  .of  M’  and  •-related’'. 

’ • a'- 

quantities.^is-.describ’edo.and^' final'  resultsr  are-  presented'  for 
allowed;',  and . firsts  forbidden'  - transitions'.  W e^  -not  e •.  that  - the'  di  f--'- 
ferentialltransition  rat'e.is.-determihed'  by  the- usual.-  formula,  of 
,time!rdep;endent'.p^er.turbatibn!..theory  (.Fermi.*  s- ’'Golden;- R'ui-e.% Non  2"'y*  ■ 
and=”is.=given  -by- 

dw-.'  +k-q. -MP-t,  dk,  • - (4-10)' 

where  -'q  =Q.;__.?*B'  has' been  introduced  to  represent  the-  total  a'vail— 

OC  i!jO  CC' 

able- energy,  shared.'-bet  ween’ the  photon  and 'the  neutrino. 

4-1.2-  IB  Spectra:  from- Allowed,  Iransitions 

Fbr  allowed'  transitions,  .the-lepton.  functions^  of  are- 

usually  replaced'- by  their  values  'at'  rjj=0.  However-,  one  must 

exercise,  some- caution-  in.  doing  this  since  the-  Gouiomb’  Gr.een*s' 

function  ggC'r^,r)  'is  known'  to;  be:  weakly  singular- a-t' rjj=0.  To 

get.  around*  this:  difficulty  it  is  necessary  to  take  acso'ont  of--' 

the- fact'- that. the  EC- interactioma'ctualiy  takes  placb-ov'er.  a 

< 

finite- nuclear' vol-ume,'.,. by  averag-ang- the  Greenis'  function’ over" 
this:  volume. '7  This-  averaged  Green's. -function,  will'  be  denoted  by 
^^ns,  for' allowed . transitions' the' matrix,  element 
of'  Eq-.  - ( 4i-9) ' is  - simplified.'  to. 


^'C-Pe-  «‘V+e;S'  ,k  ] #.(rl),., 
-“-.A.  Ao.  o:  a'—-’ 


(ftll) 


where-  the  -nuclear  ECi  transition';  current; 'has.  been,  introduced. 
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defined  by  • A nonrelativistic  approximation,  for 

.the  nuclear  motion  leads  to  j|^=Ci?L<o>,^l/>) , where  -(35  an^  ■ .- 

r' 

are  the  familiar  matrix  elements  associated' with  Fermi  and  Gamow- 
Teller  transitions. 


Coulomb-Free  Theory 

The  earliest  theory  of  iB  spectra  in  allowed-  transitions  was  ‘ - 
developed  independently  by  M/ller  (1937a)  and  by  Morrison  and 
Schiff  (1940),  This  theory  is '.presently  of  interest  because  of, 
its  simplicity  and  because' it  yields  IB  spectra  that  are  accurate 
at-  bigh  .photon  ■ energies ' The  jnore  sophisticated  theory  developed 
later  by  Glauber  and  ffertin  (1956)  may  be  viewed  as  providing  ■ 
correction  factors  for  the  basic  results- 

•Morrison  and'Schiff  (1940)  -simplified  the  "problem  "by  megr 
decting.-the  momentum  (and  binding^  energy)  of  the  initial  electron 
and  by  neglecting  the  influence  of  the  .Coulomb  field  on  the  in- 
Lermedxate  electron. states.  The  first  of  "these  'assumptions  d.s 
only  valid  when  the  recoil  momentum  of  the'  electron  after 'pho- 
ton emission  greatly  exceeds  its  initial  momentum  (of  average  value 
Za) , The  second  approximation  consists  of  assuming  a Born-approx- 
■imation  treatment  of  -the  intermediate  states.  For  its  validity, 
this  approximation  requires  that  Za/v«l,  where  v is  the  velocity 
of  the  electron  after  photon  -emission.  It  is  evident  that  both 
approximations  restrict  the  results  to  photons  in  -fche  high-energy 
region  where  k is  much  larger  than  Za.  ' ' , 

Ignoring  the  Coulomb  field  in  the  intermediate  .states  amounts 
to  using  the  free-particle  relativistic  Greenes  function  found  by 
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•s<?Iv£ng.  Eqv  ('4^-8')?  wxth- Z=0'.-  Tli'e*-' i’nx'Ki’ai'  momentum-. of>  th'es  el’ectron.' 
i-S'  negiect'ed^by  appicoxxmatxn'g:  it's>  wave-  function,  by' a ■ constant 
equal  to  'fSe  value',  -of’  the:  wave'  function-  at'  the:  origin'--  tinder  ' 


th'e'se?  approx-i'matibn'sV  the'  calculation'  of  the  matrix'  eiemenf-  of  Eq^. 
C^lD  is'-  greatly'  slmpl-ifi'e'd- -euid.  lea'ds'  to-  the.  result'- 


M-.  =Tfeet<-'7t; 
ns  V- 


V- 


^^12)' 


It  is  important'  to'  note  -that  as  a-  consequence,  of  neglecting 
tKe'-'rooin'entum-of  the. 'initial  electron,.- radiative  electron  captiu?e 
from  an' initial  electron  state  -of  nonvanishing  angular. momentum 
is  forbidden'*  Both  the  electric '-and  magnetic  contributions  to 
the'  IB'  .radiation  vanish  under'  these-  circumstances;  this:  is  .-im- 

it  "I  -r 

medi'at-ely  evident  from-  the-  structure  of  the  matrix  element  of  Eq- 
'C4-121*- 


Vlhen  Eq.  .(-4-r2')  is  substituted-  into  Eq.-  (4“1'0>)  and-  the  ap- 
propriate* momentum  -and  spin  summatioiis-  are'  oomplete'd,  th'e  IB  spec-' 
tra' -associated- -with'.  ns»*state  capture--.afee'  found*  to.'b'e- 


j 2d 

dw--,  = —::r 
ns-  2 
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. C.  J^*  [.‘f ■ ; -C'di j -k)’^dk'- 

V ‘ ns:  I-  ^ns- 


C4-l3.i> 


The  ratiO-'  o'f  the-  radi'atives  capture'-  rate  to  that  for ''ordinary 
K capture-  is. 


d'w.-  ;|ff  k(5g.  -k)^ 

ns:  a * ns-  * ^ns 


•'dk. 


Ciip-i’4-)' 


"K  r''i-s>'''''  '^Is 

.Hence  thfe'-  total  radiative:  capture,  rate,  per'  K-capture-  event- is 
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More  geneisally,  if  only  photons  with  are  detected,  the'inte- 

•grated  radiative  capture  rate  per  K- capture  event  is  given  by 

a . • 

*ns  - 


w C k ) 
ns  Q 

- '^K 


V/ 


W, 


dk  = 


'K 


.ns 


C4(l-k  /q  )-^-3(l-k  /q 

0 ^ns  - o ^ns 


ic 


(h-26r 


For  radiative  K capture. in  particular,  these  formulas  are  ‘sira~ 
plified.  IChe  IB -spectrum '.then  is 


dw. 


Is  a ' 2 y.2. 


(4-17.) 


vifhere  we  have  -e=k/q^^.. ' The  total  radiative  -K-capture- rate'  is' 


-If. 


Is 


jc  12 


(-4-18) 


Equatioi^  (4-17)  and  (4-l8)  were  .first  derived  by  filler  (1937  a) 
and'  by  Morrison  and  Schiff  (1940)  The  -more  general  results  for 
arbitrary  s-state  capture  CEqs*  (4-l4)  and  (^t-15)3  v/ere  first 
reported  by  Glauber  and  Martin  (1956)- 


■ Theory  of  Glauber  and  fertln 

The  results  of  the  Coulorab-free  theory  of  M/ller  (193'S)  and 
Morrison  and  Schiff  (1940)  are  expected  to  hold  only  for  l^ge  k 
and -small  Z)  otherwise  it  is  essential  to,  include  Coulomb  effects 
in  the  evaluation  of  the  matrix  element  Such  calculations,  in 
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wh±ch -account  is--taken  o’f'b’oth  relativistic  and  Coulomb  e'ffe'cts, 
have‘‘been'  reported  by  Glauber  and  Martin 'in  tv/o  well'-knovra  papers. 

-in ‘their  .first  paper -oh '•  the  subject,  Glauber  and  J;lart-i-n 

'^(1956) '-developed -the  general  formalism  for  al-lowed-’transitions 

'(Sec-  '^.l.'ll) -and  evaluated  M,  to’a  relative  accuracy  .of  order 

01 

Za  'for  both  s-  arid  p~state  capture.  Certain  relativistic  corre'c- 
tions  that • are  important  for  s-state  capture  at  low  feriergies  were 
also  -calculated-  In  their  second  paper,  hart  in -and  Glauber  (19'^8) 
developed  more -elaborate  methods  which  make  detailed  calculations 
possible  in  ’which  relativiS'tic  and  Coulomb  effects  -are  included 
to  all  orders  in  'Za.  These  resuits  leaid  'to  certain  integrals 
which  cannot  be  evaluated  -exactly  in  closed  form  -.or  tabulated 
easily-  To  obtain  numerical  results,  Martin  'and  Glauber  developed 
-Za  expansions  ..for. 'the’se  integrals  and  car-ried  out  .their  evalusitiori 
t'o  a ’-relative  accuracy  of  order  (Za)  . This  limitation  on  their 
otherwise  exact -results  for  radiative  K capture  lias. been  removed 
recently  however,  by  Intemann  ( 1971)  j 'Who, . has  shown  hew  to  evalu- 
ate the  integrals  exactly  using  partly  numerical  methods’.  V/e 
briefly  ’outline  "this  theory  and  ’summarize  its  final  result's. 

Nonrelativist i c calcule^t-ibris . For  moderately  light  nuclei 
it  is  expected  that  the  initial  electronic  -states  can  be  described 
adequately  by  nonreiativistlc  Coulomb  wa-ye  functions,  especially 
for  capture  'from  , the  higher  shells.  In  view  of  the-  greater  -com—  -- 
plexity  -attendant  to  the  use  - of  Dira’c-Coulomb  wave  functioris,  it 
is  .natural,  that  -nonrelativisti'c  calculations  he  considered  first- 
In.  general,  these  are  'expected  to  yield  results  with  a relative 
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accuracy  of  order  Za.  In  order  to  preserve  this  level  of  accuracy 
at  all  photon  energiest  however,  it  is  necessary  to  employ  some- 
what more  accurate  wave  functions,  in  order  to  correct  for  cer- 
tain relativistic  effects  which  have  a pronounced  influence  on 
the  low-energy  portions  of  the  s-state  spectra  (Glauber* and  Mar- 
tin, 1956)-  . ■ 


A particular  advantage  of  introducing  the  second-order 
Green’s  function  is  that,  consistent  with  the  use  of  nonrelativis- 
tio  wave  functions,  -an -approximate  Green's  function  can 

be  employed which  has  a particularly  simple  structure  This 
Green's  function,  obtained  by  neglecting  the  (Za/r)  and  Za^*(^^/r) 
terms  in  Eq-  (4-8)  and’ solving  the  resulting  equation,  has  been 
istudied  in  considerable  'detail  by  Glauber  and  Martin  (T956)*  I'l 
particular,  g^(0,r)  has  "been  shown  to -possess  “the  integral  re- 
presentation^* - ~ 


^ (qi/2re) 


— pr 


^ — 'l/’T  — -2prs 

ds's  -e  , 


J 

o 


(-4-a-9) 


where  p=(l-E^)*^^^  and  'l=ZaE/ii. 

(i)  s-state  radiative  capture.'  For  radiative  capture  from 
an  -s  state,  ihe  contribution  to  M from  the  e -*1?  term  vanishes 

(X 

from  symmetry  considerations;  when  terms  of  order  Zoc  are  neglected, 
the  remaining  contribution  can  be  evaluated  using  only  very  general 
properties  of  the  Green's  function-  Final  results  for  the  transi- 
tion rates  are  identical  vrith  those  of  the  Coulomb-free  theory 
CEq  (4-14-)  et  seq.]'.  The  calculations  of  Glauber  and  I^artin 
(1956)  reveal,  however,  that  the  range  of  validity  of  the  Coulomh-r 
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free  theory  is  much  greater  than  could  have  b^een  anticipated  on 
the  basis  of ' the  calculations  of  M/ller  (1957k) or  Morrison  and 
Schi’ff  (1940).  Indeed,  it  was  established  by  Glauber  and  I-iartin 
(1956)'  ■that  the  Coxilomb-^free  theory  yields  results  for  the  IB 
spectra  associated'  with  srstate  capture  which  are  formally  cor- 
rect to  order  2a  for  all  photon  energies.  It  is  also,  true  how— 
everj,  that  for  the  low.-energy  portion  of  s-state  spectra,  the 
factor  of'  Za  is  partially  compensated  by  an  increased  probability 
of  radiation.  Consequently,  in  order  to  obtain  results  for  which 
the  actual  error  is  not  greater  than  order  Za,  it  is  necessary  to 
carry  the  calculations  to  the  next  order  in  Za  and  omit  only 
those  terms  which  are  actually  of  order  Za  or  less-  Glauber  and 
Martin  (1956)  accomplished  this  by  means  of  a Foldy-Wouthysen 
•transformation  applied  to  the-  Dirac-Couiomb  v/ave  functions  and 
Green's  function-  The  result,  valid  for  h<2  and  k^Za,  is 


M 


ns 


= ieC  (ii, 

- V 


;/2k^)  i’i  0)  r Is . e xk+i-ka • 


B Co), 

ns  na 


.(4-20) 


The  function  B (k)  is  defined  by 
ns 

3T'To7  [ <^^“21) 

ns  J 

where  g^^^(0,r)  is  the  p— wave  contribution  to  the  partial— v/ave 
expansion  of  the  approximate  Green's  function  g'(r„,r),  g'(r„,r) 
=gj|(O,r)-f-gg^^(0,r)rjj  -r-f. ...  The  transition  rate  is  calculated 
as  before,  with  the  result 


dv/ 


ns 


V/, 


K 


H dk. 
ns 


(4-22) 
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The  correction  factor  S (k),  which  describes  the  modification 
of  the  Coulomb-free  result  brought  about  by  Inclusion  of  the 
most  important  relativistic  and  Coulomb  effects,  is  defined  by 


The  evaluation  of  the  functions  S (k)  has  been  described  in 

ns 

great  detail  by  Glauber  and  liartin  (19%)  Here  we  quote  only 
the  final  results. 


with  \ =(  1-H'  )/ (l+n.  ) , and 


-B  (k)  = 1 (|h.  I T,.  I 

with  . The  iimction  KCA)  is 


^ Imo 


Jor  the  purpose  of -evaluation,  K(X)  can  .be  -represented  conven- 
iently by  the  rapidly  converging  series  expansion 


K(X)  = In(l-FX) 


In  arriving  at  these  final  results,  advantage  has  been  taken  of 
the  fact  that  E may  be  set  equal  to  one  in  the  correction  term. 
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;sp',that  T!=Za/li.  -.'Consequeiitly, ’the 'two  parameters  Z.^anddk,  upon 
^which  *-^:he  ffunctions ','B  -depend,  -enter  only  in  the  single  ^c'ombin— 

f 3QjS  ’ 

, ^tipn'in  which,  in  the  -present  -rapproximation,  is  givieh  by 
tor  ■ Isrsjtat.e  capture  and  by  1 

.tor  :2s!-state  capture-  Here,  is  !,the  '-Is-sfate  binding  ^energy; 
This  ysirapli’fiqation  greatly  facilitates  tabulation '6 f final  re- 
sul-ts- 

‘ With  the -aid  of  Eq-  (‘4-27i,  -we  haye  evaluated  'Kj-  *('^■'■2^)  and 
Eq.  (h-25)  'numerically '(.Tables  4-1 -.and  4 -'2-)-  Although  for  ener- 
gies-not  greatly -ex.ceeding  the  binding  energy,  B^^(k)  increases 
quite  rapidly  from  its  value  of  zero  at  k=0,  the  function-  ap- 
proaches- its  asymptotic  value  of  unity  .quite  slo»/ly-  The  co'rrec-' 
-tipn  facto.r  therefore  remains  .substantially  less  than 

.unity,,  ;ey.en -at  energies  very -much  -larger  than  the- binding  energy - 


hike  Rj^^Ok-).,;  .-also  slowly  -approaches  unity  for  large  k. ' 

Unlike- (;k-X,  howeyer,  B 'Ck)  does  -not  go  to  zerd  -as  >k  approaches 
iS'  cS 

zero,;  rather,,,  as.iinay 'be  .'shown'anSl’ytically,, 

The  functions  B '.('k)  for  n>3--'Can  be  evaluated  similarly- 
•ns 

•However,  the  contributions  to  .radiative  -electron  capture  from 


ns  states  vri.th  nl3  can  usually  be  neglected  entirely,  compared' 
with  contributions  from  Is  arid.  2s  states*  Eor  example,  according 
to  the-  above  results'  the  3s-stafe  intensity  is  only  'u4%  of-  the 
Is-state  intensity;*  when  screening  effects  are  taken' into  "account', 
its  .contribution  is-  reduced  even-  more. 

(ii')  p— state-  radiative*  • capture'.  From  the  calculations'  of 
Morrison  and  Schiff ' (1940)  it' can  be-  concluded  that  the'p-state 
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capture  contri'bution  to  the  IB  spectrum  is  negligibly  small  for 
k»Zcc  As  the  calculations  of  Glauber  and  I'lartin  (19.%)  bear 
out,  however,  the  p— state  intensity  becomes  quite  appreciable  for 
kSZa  and  indeed  exceeds  the  s-state  spectrum  over  a large  part  of 
this  range.  Discussion  of  p-state  radiative  capture  can  there- 
fore "be  restricted  to  photon  energies  k<2kx.  In  this  energy  re- 
gion, the  transition  matrix  element  can  be  reduced  to 

M = -2ieC  C27i/k)^'^^<r\^(0)r  fdrg’CO  ,r)e  *V$  Cr)  (4-28) 

np  V p y np  ~ 

v;hen  .terms  of  order  Za  are  neglected.  It  is  clear  that  the  IB 
radiation  associated  -with-p— state  capture  is  distributed  iso- 
tropically. 

• ■ Since  the  three  np-state  wave  functions  transform  .like  the 
components  of  n vector  under  rotations,  one  of  them  can  conven- 
iently be  chosen  .to  .be  the  -component  in  the  direction  of  e.  The 

Temaining  -two  -component  i^tates  -then  -do  not  contribute  to  the 

/■ 

.matrix -element, -;and  a single  calculation  takes  into  account  the 
contributions  from  all  three  magnetic  substates-  On  -this  basis, 
the  -raatr^  element  .can  he  written 


M -=  -2ieC  (Za/k)^'^V'V’(0)r  x Q„  » 
np  V-  p.'^np  np* 


(4-29) 


-vjhere  is  the  spin  part  of  the.np-state  wave  function,  and  the 


integral  (;k)  is 


Q^p(k)  = (27t/Za) 


1/2' 


■^drg|j(0,r)e 


(r). 
— np  •— 


(4-30) 
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The  transition,  rate -is 'calcalated  as  beforet  vith -the  result 

.2 


d'.-j  I -k)^ 

52  „ i- r-v  

W.,  ^2  '^nv  2 


dk. 


(.^-31) 


T<Lr  a 


i-valuation' of  the  ir.t e Krais' « ^(5<)  is  similar  to  tnat  of 

■'  np 

3 (k)  and  has  also  been  described  in  detail  by  Glauber  and  Mar- 

ns 

tin  (l^fc/  -The' final  results  are 
■> 

T„~  - P 

=— Ll+(2/3)n2-(Vl2)“^VV3)^2  -X--p)^  (i^-32) 


'2P  ' " 


and 


M V 

2^  (l_T1^2/q}. 


1 


( l-H',/3 ) [l-l_-2(  n V5) 

> Z>  J ^ 


^ (V3)n-^Cl-!i,^/3)K(A,) 
f'  5 ;? 


(i^-35) 


where  ^^=Cl/9-rk/BT  ) « ail  other  Quantities  haying  been  de- 

^ .^S  ‘ 

fined  previously.  Zvaluation  of  3qs.  (4-3S/  and  (^->33)  yields 
the  results  sho-.-m  in  -Table  ^.3* 

(iii)  Results.  To  illustrate  the  results  of  the  uheory  of 
Glauber  and  M-artin ' C 1956 ) » the  predicted  spectra  associated  with 

nc 

is-,  2s-,  2p“,  and  3?”State  radiative  -capture  in  "'?e  have  been 
plotted  in  Jig.  4-2-  As  stated,  terns  of  order  Z<x  were  neglected, 

Cc  _ _ 

introducing  an  error  of  "^20*  for  Je-  -it  is  evident  from  ^ig- 
4—2  that  the  s-state  spectra  do  not  differ  greatly  in  forn  fron 
the  simple  k(q^-k)  shape  predicted  by  the  ■Coaloisb-free  theory. 
Figure  4-2  also  shows  the  existence- of  very  intense- p-state  spec- 
tra at  low  photon-  energies.  Indeed,  p-state  contributions  to 
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the  IB  spectrum  become  more  dominant  with  increasing  charge  and 
decreasing  available  energy. 

For  states  of  still  higher  orbital  angular  momentum,  the 
radiative  capture  probability  is  expected  to  be  much  smaller  than 
for  capture  from 's  or  p states,  because  the  probability  of'  find- 
ing the  electron  in  the  neighborhood  of  the  nucleus  is  smaller 
and  the  radiation  emitted  is  of  a higher  multipole  order  than  the 
predominantly  Kt  and  El  radiation  associated  with  s-  and  .p-state 
radiative  capture,  respectively.  Indeed,  within  the  framework 
defined  by  the  approximations  used  in  treating  p-state  capture,  ■ 
the  .transition  amplitude  for  radiative  capture  from  a state  of 
orbital  angular  momentum  >1-  vanishes. 

Belatlvistic.  calculations.  The  preceding  calculations  were 
intended  to  provide  results  with  a relative  accuracy  of'order  Za- 
To  achieve  even  this -level -of  accuracy  requires’ that -some  consider- 
ation be  given  to  relativistic. effects  when  treating  radiative  cap- 
ture from  s states.  The  importance  of  relativistic  effects  in 
s-state  capture,  even  for'  moderately  light  nuclei,  is  primarily- 
due  to  th.e  fact  that  such  transitions  involve  a spin  flip,  a pro- 
cess which  results  in  large  photon  energies,  and  hence,  in  a 
relativistic  recoil  hy  the  electron.  Furthermore,  a nonrelativis- 
t'ic  calculation  does  not  take  account  of  paths  that  involve  "vir- 
tual positron  emission -and  neglects  electron  capture  through  inters 
mediate  p states,  a path  made  possible  by  spin-orbit  coupling. 

The  results  described  above  are  usually  adequate  to  determine 
the  IB  spectra  of  moderately  light  nuclei  for  photon  energies  that 
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al’fe  sffl'all  compared  v/ith  tka  electron  rest'  energyi  For  lifeavy  nuclei 
or  large  plioto'n  eherftiesj  theSte  results  are  whdllj'  inadequate j 
i^rtiii  and  GlauBer  (1-958)  tk'ere'fdre  d'eveldped  a niord  .general 
theory,,  taking  full  account  of  rfelat'xvistic-  and'  Cdulomh  affects* 

The  ndhrelati-vistic  rediilts  iri'dica'te  that  relatiyistic  arid  Cou= 
lofnb  effects  to  all-  orders  in  Za  are  most  important  in  radiative 
capture  from  is  states,--  hence  Martin  and  Glauber  (1958)  applied 
their  full  theory  to -this  specific  calculation. 

It  should  he  noted-  that  Yukawa  (1956)  has  also  attempted  a 


fully  relativistic  dalculation  of  the' K-capture  Ib  spectrum. 

Yukawa  found  i-t  necdss'ary,  however,  to  introduce  an  approxima- 
tion in  constructing  a Usable  form  for  the  relativistic  Coulomb 
Greenes  function;  it  is  not  entirely  clear  how  reliable  this  apr 
proximatidn  is.  The  results  of  Yukawa  (1956)  are  at  least  as  com- 
plicated as  those  of  Wartin  and  Glauber  (1-958)  arid  have  the  seri- 
ous drawback  of  being  inapplicable  to  heavy  nuclei;  For  these 
reasons,  we  do  riot  discuss  Yukawa's  calculations  fufthe'r. 

(i)-  ls~state  radiative,  capture.  'The  starting  poirit  for  the’ 
fully  relativistic  calculations  of  Martin  and  Glauber  (1958)  is 
the  general  ekpressidii  (4-ll)  for  the  alldwed-'transition  matrix 


element.  5?o  evaluate  this  matrix  element  exactly  withiri  the  one- 


electron  Coulomb  approximation  i appropriate  forms  for  arid 
gg(T^,r)  must  first  be  intrbduced*  For  the  usual  ground- 

state;  solution  of  the-  Dirac  equatidh  • for  an  electron  moving  i-n 


the-  Cdulomb  field  of  a nuclear  charge  Ze  is  chosen.-  For  the  exact 
second-order  Greeii‘''S'  function  i'fe-i’tin-  and  Glauber  (1958) 
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constructed  an  eigenfunction  expansion  from  the  solutions  of  Eq. 

(4-8) » The  smallness  of  the  nuclear  radius  (2nrjg510  allows 

some  simplification*  The  region  occupied  hy  the  nucleus  may  be 

safely  neglected  in  integrating  over  r,  and  those  functions  in 

the  Green’ s-function  expansion  which  depend  on^j  can  be  replaced 

by  the  first  term  in  their  pov;er-series  expansion  The  errors 

associated  with  the  use  of  this  simplified  form  of  the  exact 

—5 

• Green's  function  are  expected  to  be  no  greater  than  'vlO 

Using  the  above  representations,  Martin  and  Glauber  (1958) 
calculated  the  transition  matrix  element  for  allowed  radiative 
K capture  without  further  approximations, 

= 1T^  (4-54) 


The  particular  angular- momentum  substate  of  the  initial  K electron 


is  represented  through  the  spin  function  where  are  the 

usual  two-component  Pauli  spinors,  and  the  integrals  A^^(k)  and 
Bi^(k)  are  defined  by 


Af^(k) 


(X^+l)k- 

r(2X.^+i)v. 


X 


j^(kr)fl+ 


L 5(\+l)  J 


-ti+1t-i  n+1^-1 
a (1+s) 


j2^(kr)?a^  j2^kr)2a 
krCX^+1)^  5(?^+l) 

2X  -(2s+l)v.r  -ar 
(2pr)  e e 


:i 


(4-35a) 
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(X^+l)k 

r(2\^+i)ii 


— n+?v.-l  -1  2\  “(2s+-l)|ir  -ar 

^ ® Cl+s)  (2p.r)  e e - (Zf-jc^) 


In  Eqs-  (4-35),  the  previous  definitions  of  p and  ’H  have  been 

retained,  and  we  have  a=Z<x  and  A.,=(l-a^)^'^^=E  . 

1 Is 

The  energy  spectrum  of  the  IB,  calculated  as  before,  is 


dw. 


Is 


w, 


K 


^Is 


(4-36) 


This  expression  is  the  same  as  Eq,  (4-22)  for  Is  capture,  except 
that  a^g(k)  is  defined  by 


R^g(k)  i (A^^^+Bi^^),  (4-37) 

with  A^g(k)  and  B^^(k)  given  by  Eqs.  (4-35)-  Unfortunately,  the 

integrals  appearing  in  Eqs.  (4-35)  cannot  be  evaluated  exactly 

®^®lytically  in  closed  form  and  depend  separately  on  Z and  k, 

rather  than  on  the  single  combined  parameter  k/(Za)^  as  do  the 

integrals  B and  Q discussed  earlier, 
iio  np 

A number  of  limited  and,  in  most  cases,  approximate  analytic 
results  for  A^^  and  B^^  are  reported  by  Martin  and  Glauber  (1958) . 
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For  example,  Sjs.  (4-55)  can  be  simplified,  transformed,  and  ex- 

2 

panded  if  one  neglects  terms  of  order  (Za)  or  smaller  and  the 
remaining  contribution  to  from'  the  j2^4r)  term.  The  re- 

sults'. are 

Ai^(  k)  = tWC  2/ (p+a-ik)  +( ^Ip/k)  ( X^+ia)  - ( 4-38a) 


B^^(k)-  = A^^(k)(l+  I a^/k)-  I (a/k)^  5,  (4-58b) 


where 


(4-59) 


Because  of  the  underlying  approximations,  these  expressions  are 
expected  to  h.old  'well  only  at  low  photon  energies:  and 'for  ele- 
ments'which  are  not  too  heavy.  ' ■ ' . ’ 

For  kSl,  it  is  feasible  to- expand  the  Green's  fxmction  and 
the  initial-state  wave  function' in  powers  of  Za.-  Carried  to 
first  order  in  2kx,  such  expansions  yield  - 


A^^(k)  = l-Za^(li/k)+2(l-  ■^)tan”^(VV)j.,  (4-40a)- 

Bi^(k)  = l-Zkx|^(p/k)(l+ i)+2(l-  -^)tan  \k/p)|.  (4-40b) 

For  three  particular  photon  energies,  more  accurate  results  can 
easily  be  obtained  because  of  special  circumstances  which  simpli- 
fy the  calculation  in  each  case.  In  the  neighborhood  of  k=p,  A 

-LS 

and  are  given,  exact  to  all  orders  in  Za,  by 
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(2,\  +1) 

Ai^Oc)  = 1 (1-k), 


(4-4la)- 


B^^(k)  = OfO^k/Za). 


(4-4lb) 


The  integrals  can  be  evaluated  conveniently  to  second  order  in 
Za  for  k=X^  ('n=0), 


A^^(k)  = l-Za+7t(Za)  v^» 


(4-42a) 


B^^(k)  = l-2Za+(4-V2)(Za)  , 


(4-42b) 


and  for  k=l+?i^  (p-=0)» 


A,  (k)  = l-rcZa/2+2(Za)  , 
Is- 


(4-43a) 


Bis<k)  = l-3rcZce/4+9(Za)  V2- 


— C4-43b) 


These  approximate  results  are  expected  to  be  fairly  reliable 
for  the  lighter  elements.  In  general*  however,  it  is  necessary 
to  resort  to  numerical  procedures.  The  above  results  are  still 
of  interest,  though,  since  they  provide  a valuable  check  on  the 
accuracy  of  numerical  computations. 

A relatively  simple  procedure  for  obtaining  exact  numerical 
results  for  A^^  and  for  arbitrary  k and  Z has  been  reported 
by  Intemann  (1971).  The  integration  over  r in  Eqs.  (4-35)  is  per- 
formed first,  then  the  change  of  variable  x=s/(l+s)  is  made  in 
the  remaining  integrals.  After  algebraic  reduction,  one  finds 
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1 • 

A (k)  = C dx  X 


(4r44a) 


J, 


X fg(x), 


(4-44b) 


2X  -1  ■ • 

where  C=-(2ii)  ^ - To  define  and;  fg,  it  is 

convenient  to  introduce  the  definitions 


5 = k^+(v-fa)^, 

e = ECTi^-a^-k^) , . 

6 = k^+(V.-a)^, 


2 

s = S+ex+6x  , 
a = a+ii(l+x)/(l-«) , . 
0 = tan  ■'■(k/a). 


whence  f^  and  fg  can  he  written 

■ ? S’ 

f^Cx)  = C2kA^acos(2A.^0)-a  sin(-2\^6)]/s  « (4-45a) 

:^(x)  = (2k\^o[ao-2aS(l-\3^)k]cos(2A.^e) 

+ |^k^(  2?^^-l)  C k(  \^-l)  -2a^Hhao]  -kj  2a^-k(  1-X^ ) -ao]j  sinC2?i^0 ) /s  ^ . 

(4-45b) 

\ 

Now  and  fg  are  very  slowly  varying  functions  of  x over  the 
entire  range  of  integration,  for  all  physical  values  of  k and  Z 
-of  interest.  After  an  integration  by  parts  to  remove  the  weak 
singularity  in  each  -of  the-  integrands  at  x=0,  the  remaining  inte- 
grals which  appear  in  A^^  and  thus  can  easily  be  evaluated 
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in.  this  manner  for  several  nuclides  of  interest,  are  displayed 
in  Fig.  k~J>t 

it  is  considerably  easier  to  evaluate  and  by  means 
of  the  lov;-k  approximation  CEqs.  (k-38)  arid  (4-39)^  or  the  high— k 
approximation  CE(|s»  (k-40)],  rather  than  by  employing  the  exact 
results  CEqs.  {4-44)1.  Therefore  it  is  of  interest  to  compare 
the  functions  obtained  in  these  three  v/ays,  in  order  to 

assess  the  circumstances  under  which  either  of  the  approximate 
results  can  be  employed  v;ithout  significant  error.  We  have  evalu- 
ated R^^(k)  exactly  and  in  the  high-  and  lov;-k  approximations  for 
three  very  different  values  of  Z-  The  results,  shown  in  Pig-  4-4, 
are  indistinguishable  for  very  small  Z over  almost  the  entire  ener- 
gy range.  For  intermediate  Z,  the  lov;-k  approximation  fits  the 
exact  curve  quite  well,  even  in  the  high-energy  region  where  it 
does  better  than  the  high-k  approximation.  For  lairge  Z,  neither 
approximation  fits  the  exact  result  very  we’il,  and  both  approxi- 
mations are  totally  wrong  in  their  description  of  the  low-energy 
behavior  of  R^^(k), 

To  compare  the  various  calculations  and  indicate  the  impor- 
tance of  relativistic  and  Coulomb  effects,  we  have  plotted  in  Fig. 

'4—5  the  Is— state  radiative  capture  spectra  predicted  for  the  moder- 

55 

ately  light  nucleus  Fe.  It  is  evident  from  Fig.  4-5  that  the 
shape  of  the  Is  spectrum  is  not  substantially  altered  by  the 
inclusion  of  relativistic  and  Coulomb  effects,  but  that  the  over- 
all intensity  experiences  a very  significant  reduction-  As  is  to 
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exact  calculation  (MG)  and  that  in  which  terms  of- order  •Za' are. 

' * I *•  ^ 

neglected  (GM)  agree  fairly  well-  'There  will  he  no ' such  agree- 
ment  for  heavy  nuclei  or  for  photon  energies  kSl. 

(ii)  L-  and  M-shell  radiative  canture-  Although  Mrtin  and 
Glauber  (1958)  limited  their  -fully  relativistic  calculations  to 
Is-state  capture,  their  relativistic  theory  provides' an  eq^ually 
valid  basis,  for  describing  radiative-  capture  from  ^ arbitrary 
atomic  shell.  The  general  results  of  such  a calculation' are 
given  by  Zon  (-197T)  * .-The  complexity  of  the  expressipj^  has  pre-  - 
eluded  the  derivation  of  analytical  results;  not  even  .approximate 
'results  have  been  derived  in  which  only  terms  through  first  or- 
der' in  -Za  , -are  r'etaine'dii  Zon  (1971)  .does  .however  report,  the  con- 
struction of  -a  computer  program  which  permits  numerical  evaluation 
of  the  amplitude  for  radiative  capture  from  the  L and  M shells, 
although  few  details  are  given  and  the --only  spectra  reported  'in 
Zon's  paper  are  those  for  ^Er  (Eig.  4-6). 

Two  general  featiires  of  the  ^^Br  spectra  are  worth  noting 
since  they  imdoubtedly  will  be  exhibited  by  the  radiative  capture 
spectra  of  other  nuclei  as  well-  A resonance  in  the  2s-state 
capture  spectrum  appears  which  is  associated  with  a -forbidden 
2s-ls  atomic  transition.  This  resonance  is  quite  sharp  and  there- 
fore .modifies  the  result  of  Glauber  and  Martin  (1956)  only  in  the 
binding-energy  region.  Elsewhere,  the  results  of  Zon  (1971)  and 
of  Glauber  and  Martin  (1956)  are  indistinguishable.'  Also  to  be 
noted  are  the  modifications  of  the  p-state  spectra  brought  about 
by  the  inclusion  of  all  relativistic  and  Coulomb  effects.- . While 
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these  modifications  appear  to  be  only  slight  for  capture  from 
3p  states,  they  are  quite  important  for  the  2p~state  spectrum 

l65 

(at  least  for  heavy  nuclei).  lb  the  case  of  Er,  they  cause  a 
reduction  by  a factor  of  '^2  in  the  overall  intensity  of  the  2p- 
state  spectrum-  There  is,  however,  no  appreciable  change  in  the 
form  of  the  p-state  capture  energy  distributions- 
Some  years  ago  it  was  suggested  by  Koh  et 
ali  (1962),  and  again  by  Koh  (1963),  that  the  IB  spectrum 
possesses  a cusp-shaped  irregularity  in  the  neighborhood  of  the 
positron  threshold-  To  confirm  this  idea,  Zon  and  Sapoport  (1968) 
carried  out  extensive  calculations-  Their  results,  accurate  to 
order  (Za)  , show  however  that  the  form  factor  for  radiative  K 
capture  varies  continuously  in  this  region,  and  thus,  there  is 
no  such  anomaly  in  the  predicted  spectrum  at  this  level  of  accu- 
racy. 

Influence  of  ITncaotured  Atomic  Electrons 
In  all  of  the  foregoing  calculations,  only  the  electron  which 
undergoes  radiative  capture  is  considered,  and  the  presence  of 
all  other  atomic  electrons  has  been  ignored-  V/e  now  consider  hov;, 
and  to  v/hat  extent,  the  one-electron  results  are  modified  when 
the  presence  of  the  remaining  atomic  electrons  is  taken  into  ac- 
count- 

Screening  corrections-  Screening  by  the  remaining  electrons 
affects  the  amplitude  for  radiative  capture  both  by  altering  the 
initial  configuration  of  the  electron  to  be  captured  and  by  alter- 
ing the  probability  amplitude  for  an  electron  to  reach  the  nucleus 
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after  the  virtual  emission  of  a photon.  To  analyze  these  effects 
most  simply,  Martin  and  Glauher  (1958)  employed  an  'independent^ 
particle  model  in  which  the  stationary  states  of  the  individual 
electrons  are  determined  as  the  self-consistent-field  solutions 
for  the  full  many-hody  atomic  Hamiltonian.  In  this  approxima- 
tion, no  further,  account  of  the,  remaining  electrons  needs  to.be 
taken  when  the  radiative  transition "probability  for  a single  elec- 
tron is  calculated- 

■ By  far  the  more  important  effect  of  screening  is  -the  modifi- 
cation- of  the  wave  function-that  describes  the  initial  electronic 
state-  This  modification  is  quite  similar  to  that  which  occurs 
in  ordinary  electron  capture,  except  that  the  effective  size  of 
the  region  from" which  captiore  can  occur  is  somewhat  larger  In 
ordinary  electron  capture',  -this  region  is  determined  by  the  nu- 
clear radius,  while  in  radiative  electron  capture  it.  is  deter-  . 
mined  by  the  range  of  the  Green's  function.  For  photon  energies 
of  greatest  practical  interest,  above  the  binding  energy  of  the 
initial  electron  and -below  the  threshold  for  positron  production, 
the  range  of  the  Green's  fxmction  is  of  the  order  of  the  elec- 
tron's Compton  wavelength.  Vfliile,  it  is  much  larger  than  the  nu- 
clear radius,  this  range  is  still  very  small  on  an  atomic  scale. 
•Thus,  it  is  argued  by  Martin  and  Glauber  (1958)  that  a simple  and 
seemingly  reasonable  procedure  for  taking  into  account  .screening 
effects  on  the  initial  state  of  an  electron  undergoing  radiative 
capture  is  to  multiply  the  unscreened  results  for  the  radiative 
capture'  probability  amplitude  by  the  ratio  of  the  screened  to 
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unscreened  initial-state  wave'  functions,  evaluated  in  the  neighbor- 
hood of  the  origin- 

The  second  effect  of  screening,  the  alteration  in  the  struc- 
ture of  the  Green's  function,  is  expected  to  be  quite  small;  this 
can  be  understood  qualitatively  from  the  follovdng  considerations 
(^^artin  and  Glauber,  1958)-  Over  the  relatively  small  region  de- 
fined by  the  range  of  the  Green's'  function,  the  electron  field 
is  well  approximated  by  the  nuclear  Coulomb' field.  Indeed,  if 
the  electro3oic  charge  cloud  associated  v/ith  the  remaining  atomic 
electrons  did  not  penetrate  this  region  at  all,  its  external  pres- 
ence \*;ould  simply  result  in  a shift  in  the  zero  of  energy  and  thus 
produce  no  physical  effects.  For  all  but  the  lov/est-energy  pho- 
tons, the  range  of  the  Green's  function  is  so  small  that  penetra- 
tion of  the  electronic  charge  cloud  into  the  region  defined  by 
this  range  is  not  expected  to  be  appreciable,  and  therefore  no 
significant  modification  in  the  Green's  function  is  expected-  It 
should  be  emphasized,  however,  that  this  reasoning  is  hot  valid 
for  photon  energies  near  the  binding  energy,  where  the  range  of 
the  Green's  function  becomes  quite  large  and  a more  elaborate 
treatment  of  screening  is  required. 

To  establish  in  quantitative  terms  the  accuracy  of  the  simple 
approximation  scheme  of  Martin  and  Glauber  (1958),  these  authors 
carried  out  more  extensive  calculations  in  which  the 'screened 
Coulomb  potential  v;as  approximated  by  a Hulthen  potential.  The 
results  of  these  calcvilations  indicate  that  the  above  conclusions 
are  quite  well-founded.  In  particular,  Ilartin  and  Glauber  (1958)  ■ 
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calculated  the  screening  corrections  for  the  2p  state  of  Fe  to 
lowest  order  in.  the  Hulthen  parameter-  The  results  were  compared 
with  unscreened  results  multiplied  by  the  ratio  of  the  screened 
to  unscreened  probability  densities  at  the  origin-  At  a photon 
energy  equal  to  the  K-shell  binding  energj'-  in  Fe,  the  difference 
between  these  two  results  was  found  to  be  (i.e.,  of  order 

Za),  v/hile  at  a photon  energy  three  times  as  large  the  difference 
is  only  'v2Z-  Thus  it  appears  that,  except  at  very  low  photon 
energies  (in  the  immediate  neighborhood  of  the  K»shell  binding 
energy) , screening  effects  can  be  taken  into  account  satisfactorily 
by  simply  multiplying  the  unscreened  rate  for  radiative  capture 
from  the  state  a by  the  screening  factor 

= 1 y\ V| 

where  is  the  nuclear  radius. 

From  results  of  Brysk  and  Rose  (1958)  and  available  Hartree 
calculations,  Martin  and  Glauber  (1958)  have  constructed  a graph 
of  Z for  initial  states  of  interest  (see  Fig.  4-7)*  It 

appears  that  the  intensities  of  the  IB  spectra  for  radiative  cap- 
ture from  the  L shell  are  considerably  reduced  by  screening  ef- 
fects and  those  for  radiative  capture  from  higher  shells  become 
insignificant . 

If  the  intensities  of  the  various  IB  spectra  are  normalized 

to  a single  K-capture  event,  or  to  a single  SC  event,  then  only 

the  ratios  S /S,  appear  in  the  final  formulas-  To  evaluate  these 
a Is 

ratios  for  the  most  important  case,  the  L shell,  results  of 
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Sec.  2.2.2  can  be  used  when  a high  degree  of  accuracy  is  desired.  The  ratios 
are 


and 
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(4-47a) 
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Here,  G|^,  G[_^,  and  are  the  large  components  of  the  unscreened  Dirac  wave 
function  for  the  is,  2s,  and  2p  states,  respectively,  evaluated  at  the  nuclear 
radius  of  a hydrogenic  atom.  The  large  'components  are  denoted  by  gj^,  gj_^,  and 
f|_2,  respectively,  when  the  effects  of  screening  are  included. 

Plots  of  G|(,  G^^,  and  for  a point  nucleus  and  corrections  for 
finite  .nuclear  size  are-*given  by  Brysk  and  Rose  (1958)  (finite-riuclear-size 
corrections  to  the  L-shell  screening  ratios  are  always  <!%).• . As  discussed  . 
in  Sec.  2.2.2,  the  ratios  and  have  been  calculated  by 

several  -authors;  the  most  reliable  results  being  those  displayed  in  Table 
2.9'.,  These  ratios  were  computed  With  a relativistic  Hartree-Fock-self- 
consi stent  potential  with  allowance  for  finite  nuclear  size. 

The  procedure  described  above  is  but  one  possible  way  in  which  .screen! ni 
effects  can-  be  treated.  Alternatively,  Zon  (1971)  has  included  screening 
effects  by  employing  relativistic  initial -state'  Coulomb  wave  functions  with 
effective  charges.'  These  effective  charges,  as  suggested -by  work  on- internal 
conversion,  were  taken  to  be  Zgff  with  a|/=0.3,  ctl=3.5,  and  cf[i^=5.  Zon  (197- 


189 


has  carried  out  several  nuinerical  calculations  but  does  not  com- 
pare his  results'  with  those  obtained  by  the  simpler  procedure  of 
t‘5artin  and  Glauber  01958)  - ■ 

Ex: change  and  overlan  corrections.  All  results  described  so 

far,  including  screening  corrections,  are  based  on  independent;- 

particle  approximations,  and  take  no  account  of  exchange  and 

overlap  effects  which  result  from  the  many-particle  nature  of  the 

atom  (see  also  Sec.  2.5).  Corrections  for  such  effects  ha'^e  been 

applied  to.  the  Martih-rGlauber  theory  by  Persson  and  Koonin  (1972), 

using  a procedure  analogous  to  that  applied  by  Balicall  (1962)  to_ 

L/K  electron- capture  ratios.'  The  calculations  of  Persson  and 

Koonin  (1972)  deal  specifically  with- the  electron-capturing  nu- 

7 ■ 

cleus  Be,  but  are  easily  generalized- 

It  is  found  that,  for  EG  decays  of  "^Be  to  the  h77~ke'\/'  state 
7 - ■ ’ - ■ ■ ■ ■ ' • 

of  Li,  the  predominant  effect  of  exchange  and  overlap . corrections 
is  to  increase  the  ratio  of  2s-state  radiative  capture  to  Is-state 
radiative  capture  Y2s^^ls  ^ factor  of  2- 9-  The  ratio  of  the 
Is-state  radiative  capture  .rate  to  the  total  (K-t-L)  nonradiative 
capture  rate  is  decre.ased  by  7%-  However,  the  net 

effect  on  the  ratio  found  to  be  negligibly 

small  (<1%) . Changes  in  the  shape;  of  the  IB  spectrum  at  energies 
above  50  keV  are  found  to-  be  negligible-. 

■ • Calculations  ,of . overlap  and  -^change  effects  in  radiative  EC 
of  , Cr- and  Mn  are  reported  by  Koonin  and  Persson  (1972),  v/ho 
find  that  increased  by  -15%  over  the  Ifertin-Glauber 

predictions.-  This  increase  is  cancelled,  hov;ever,  by 'a  similar 
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increase  in  the  corresponding  ratio  for  nonradiative  capture,  so 
that  the  correction  to  the  ratio  is  again  found 

to  he  insignificant  (<0.5^ ). 

k*l-3-  IB  Correlation  Effects  in  Allov/ed  Transitions 

V/ith  the  discovery  of  parity  nonconservation  in  weak  inter- 
actions, interest  in  radiative  -electron  capture  shifted  to  studies 
of  those  correlation  effects  whose  existence  requires  a parity- 
violating  interaction.  Calculations  on  such  phenomena  were  re- 
ported by  Cutkosky  (1957),  Koh  (1957,,  1962)-, 

Berestetskii  ('1958). _ I'lartin  and  Glauber  (1958),  Gandel’man  (1959)., 
Bloom  and  Uretsky  (1%0),  and  Timas'S^ Kaihd  K^insk-^i  (1960). 

Cutkosky  (1957)  first  shov;ed  that  a two-component  -neutrino 
theory  predicts  that  IB  -radiation  v;ill  be  circulariy  polarized. 
Terms  of  order  Za  were  neglected  in  Cutkosky's  calculations,  but 
a determination  of  the  polarization  of  the  IB  associated  v/ith  K 
capture,  valid  to  all  orders  in  Za,  was  reported  shortly  there- 
after by  Martin  and  Glauber  (1958).  Only  the  polarization  of  the 
Is-state  contribution  to  the  IB  spectrum  is  considered  in  these 
papers,  yet  it  is  evident  from  the  results  of  Sec-  4-1.2-  .that 
at  low  photon  -energies  the  contributions  from  L-  and  M-shell 
radiative  capture  must  also  be  taken  into  account.  For  allowed 
transitions,  this  is  easily  accomplished  using  the  theory  of 
Glauber  and  Martin  (.1958).  More  elaborate  calculations,  based 
on  a generalization  of  the  I-fertin-Glauber  theory,  are  reported 
by  Zon  (1971) » who  lists  numerical  results  for  ^*^Ar- 
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The  parity~nonconserving  character  of  the  weak  interaction 
is  also  responsible 'for  the  existence  of  an  anisotropy ’in  the 
angular  distribution  of  the  IB  "radiation  emitted  from  oriented 
nuclei,  as  may  be  inferred  from  the  v;ork  of  Cutkosky . (195?) * 

This  makes  IB  angular-distribution  studies  of  interest  as  a po- 
tential source  of  information  -on  nuclear  spin  changes  and  the  rela- 
tive magnitudes  of  the  EC  nuclear  matrix  elements.  The  angular 
distribution  of  the  IB  emitted  from  oriented  nuclei  during  K cap- 
ture was  first  calculated  by  Tii^shev  and  Kaminskii  (I960)  and  by 
Koh  (1962),  assuming  a nonrelativistic 

description  of  the  electronic  motion  and  "neglecting  all  Coulomb 
effects  on  the  intermediate  states  of  the  electron.  The  results 
of  these  calculations  are  quite  simple,  but 'they  have' proved  in- 
adequate to  explain  the  experimental  -data  at  low  photon  energies, 
v/here  both  intermediate-state  Coulomb  effects  and  the  contribu- 
tions from  L-  and  M-sbell  ‘radiative  capture  become  important. 

More  exact .and  ractensive' calculations,  based  on  the  work  of 
Glauber  and  Martin,  have  been  reported  by  Intemann  (1971)  by 
Zon  (1971).  ■ 

Irflaile  the  existence  of  the  IB  correlation  effects  described 

/ 

above  depends  on  the  par.ity-nonconserving  property  of  the  weak 
•interaction,  a variety,  of  other  correlation  phenomena  exist  which 
coiild  arise  even  if  parity  v;efe  conserved.  (From  the  point  of 
view  of  testing  weak-int exaction  theory,  these  phenomena  are  of 
little -interest,  but  they  can  provide  information  on  nuclear 
structure.)  In  particular,  Koh  ^ al.  (1957*  1962)  have  studied- 
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the  correlations-  between  the  direction  of  nuclear  spin,  the  momen- 
tum of  the  IB  photon,  and  the  momentum  of  a subsequent  nuclear 
Y raj|  and  have  reported  detailed  results  on  the  correlation  be- 
tween the  directions  of  the  IB  photon  and  the  nuclear  y ray- 
These  calculations  were,  hov/ever,  carried  out  for  allov;ed  and 
first-forbidden  transitions  and  neglect  Coulomb  effects  on  the 
intermediate  electron  states;  thus  they,  are  limited  to  high  pho- 
ton energies.-  More  extensive  calculations  of  this  correlation 
function,  based  on  a generalization  of  the  work  of  klartin  and 
Glauber  (1958),  have  been  reported  by  Zon  (1971)*  This  latter 
work  includes  a determination  of  the  correlation  between  the  di- 
rections of  the  IB  photon  and  a subsequently  emitted  atomic 
X ray. 


IB  Circular  Polarization 

The  polarization  Pg,(k)  of  the  IB  accompanying  electron  cap- 
ture from  the  state  a is  defined  as  the  difference  in  the  inten- 
sities of  the  right-  and  left-circularly  polarized  radiation, 
divided  by  their  sum: 


dw  ^^-dw  ^ 

p Ck)  = 

ct  ■ +1  . —1 

dw  +dv; 
a a 


(if-48) 


For  Is-state  radiative  capture, ' the  required  expressions  for  the' 
intensity  of  the  polarized  radiation  are  obtained  from  Eq.  (4-3^f) 
by  squaring  and  summing  over  all  final  states  of  the  unobserved 
neutrino  and  over  the  spin  states  of  the  initial  electron.  The 
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result  for  randomly  oriented  nuclei  is 

dWi^®(k)ocCAi^(k)+sBi^(k)]^,  (s  = +1). 


The  polarization  of  the  IB  accompanying  Is-state  capture  is  found 
to  he 


(A,  +B^  )2_(a  -B 

P,  (k)  = — ■ ' ■ = At  Bt  At  . 

(A  +B  )^+(A  -B 
is  is  is  is 


. ik-k3) 


At  lovj  photon  energies,,  the  Is-state  radiation  is  almost  com- 
pletely unpolarized  since  B^^(k)->0  as  krK).  At  high  energies,  we 
have  A^^=B^^=1,  neglecting  terras  of  order  2kx,  and  due  to  cancella- 
tion,  ?T  (k)z=+l  neglecting  terms  of  order  (Za)  . More  precisely, 
the  high-energy  form  of  Pj^^(k)  is 


^2k^,  (V-50) 

which  follows  from  Eq.  (4-4Q). 

The  polarization  of  the  2s-state  radiation  can  he  analyzed 
similarly,  starting  with  Eq.  (4-20).  The  final  result  has  the 
same  structure  as  Eq.  (4-49).  except  that,  in  the  approximation 
which  underlies  Eq,  (4-20),  A2g(k)=l.  Thus,  we  have 


P^^(k)  = l-(Za)^|(p,/k)+2(l- •i)tEn"^0!/p) 


(4-51) 


'.fliile  it  is  expected  in  the  high-energy  limit  that  P2^(k)=l-Cf(Za)^, 

the  results  v;hich  follow  from  Eq.  (4-20)  are  not  sufficiently  ac- 

2 

curate  to  allow  the  determination  of  the  coefficient  of  the  (Za)- 
term.  The  lov7-energy  limit  of  easily  obtained,  however, 
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by  using  the  fact  that  From  this  result  it  follov/s 

that  P^^CO) =-12/15- 

To  illustrate  the  above  results,  the  functions  ®3_g> 

B and  the  resulting  polarization  functions  have  been  evaluated 
for  tv;o  nuclei  of  interest,  viz.  and  ^^^Sb  (Figs.  4-8  and 
4-9). 


■It  is  evident  from  Eqs.  (4-29)  and  (4-^0)  that,  when  terms 
of  order  Za  are  neglected,  p-state  radiation  should.be  complete- 
ly unpolarized.  At  low  photon  energies,  v/here  the  p-state  spec- 
tra dominate,,  one  therefore  expects  an  even  greater  reduction 

, f . 

'of  the  IB  polarization  than  predicted  by  the  function  P^^(k). 

The  overall  polarization  of  the  total  IB  radiation  accompanying 
electron  capture  is 


P(k)  = 


Ss  P (k)dv/  dv/  , 

ns  ns  ns  ^ tx  a ’ 
■a 


(4-52) 


where  the  sum  on  a extends  over  Is,  2s,  2p,  and  5P  states. 

Angular  Distribution  of  IB  from  Oriented  Nuclei 
li/hen  the  initial  nuclei  -are  aligned,  it  is  convenient  to 
represent  each  by  its  polarization  vector 

where  jd  is  the  angular-momentum  operator  and  are  the  angu- 

lar-momentum eigenvalues  which  label  the  initial  nuclear  state. 

In  this  case,  squaring  Eq.  (4-34)  and  summing. over  all  fiml  states 
of  the  neutrino,  the  spin  states  of  the  initial  electron,  and  the 
final  magnetic  substates  of-  the  nucleus  leads  to  the  following 
result  for  Is-state  radiative  capture: 
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dw^^^.(k)  oc  (A^^+sB^^)^Cl+s> 


cos 


0] . 


(h-33) 


Here,  0 is  the  angle  "between  the  vectors  P,,  and  k«  The  factor 
vanishes  for  a pure  Fermi  transition,  while  for  a -pure  Garaov;- 
Teller  transition  v;e  have 


-J./(J.-t-l) 

1 X 

if 

\ = • 

l/(J^-i-l) 

if 

Jf  = "i 

if 

1 

II 

• (4-54) 

where  J^,  is  the  angular- momentum  quantum  number  of  the  final  nu- 
clear state.  For  transitions  in  v/hich  both  allowed  EC  matrix  ele- 
ments are  operative,  a^^  is  given  by 


vri-th 


(4-55) 


If  the  circular  polarization  s of  the  IB  is  measured,  then 
the  angular-distribution  function  has  the-  simple  form 

vri^(9,s)._=  l-t-saij^Pj^j  cos  0,  (4-56) 

whence  the  shape  of  the  angular  distribution  is  seen  to  be  inde- 
pendent of  the  energy  of  the  IB  photon- , 

, If  the  photon  polarization  is  not  measured,  Eq.  (4-53)  must 
be  summed  over  s=±l-  This  leads' to  an  angular-distribution  func- . 
tion  of  the  form 

COS  0. 


(4-57) 
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The  function  is  defined  by 


(!t,5S) 


and  is  seen  to  be  identical  with  the  polarization  function 
discussed  earlier.  Indeedj  this  one  function  is  sufficient  to 
account  for  the*  IB  energy  dependence  of  all  Is-state  captiire 
correlations  considered  here. 

The  angular  distribution  of  the  IB  radiation  accompanying 
2s-state  capture  can  be  determined  in  a similar  manner,  starting 
with  Eq.  (4-20).  It  is  found  that  the  distribution  function 
is  identical  with  U'^^(6,s).  The  function  ”'’23^®*^ 
the  same  general  form  as  that  for  Is— state  capture,  viz- . 


’W®'  = l-K>23(k)a^P.j  Cos  0, 


(h-59) 


but  (k)  is-  defined  as 
ds 


describing  the  dependence  of  -the  angular-distrib'utioii  function 

on  the  energy  of  the  IB  -photon.  Again  we  have  (k)=P_  (k)- 

" 2s  2S 

With  regard  to  p-state  radiation,  it  has  already  been  -noted 
that  the  structure  of  >Eq..  (4-29.)  implies  .an  isotropic  distribu- 
tion, i.e.,  a^^-(k)=0.  This  result  is  expected  to  be  valid  only 
to  a relative  accuracy  of  order  Za.  Indeed,  3on  (1971)  reports 

that,  exact  -computer  calculations  for  a show  and  a-  to  be 

np  2p  5? 

small  negative  quantities. 
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The  overall  angular-distribution  function  is  given  by 

W(0)  = s dv/  W s dw  = 1+A(k)a,  P,,  cos  0,  (hSl) 

f—i  aaa  i-jaa  kM 

a.  a 

with  the  overall  asymmetry  function  A(k)  defined  by 

A(k).=  . (4-62) 

P P 

In  view  of  the  equality  of  the  asymmetry  function  and  the  polar- 
ization function  for  both.s  and  p states,  it  follows  ‘that  the 
overall  asymmetry  function  A(k)  is  identical  with  the  overall 
polarization  function  P(k)  Csq,  (4~52)]. 

Correlation  of  IB  and  Subsequent  Nuclear  y Bavs 
The  simplest  type  of  decay  scheme  for  which  the  directional 
correlation  between  an  IB  photon  and  a subsequent  nuclear  Y ray 
can  be  studied  is  one  in  which  the  radiative  capture  transition 
leads  to  an  excited  nuclear  state  from  which  there  is  a 

single  Y-ray  mode-  for  deexcitation,  leading  to  the  final  nuclear 
state  j To  determine  the  correlation  between  the  directions 

of  emission  of  the  IB  and  Y"ray  photons,  a knowledge  of  the  radia- 
tive capture  matrix  element  must  be  combined  with  results  from 
the  theory  of  nuclear  angular  correlations  (Frauenf elder  and 
Steffen,  1966),  The  required  calculation  is  straightforward 
but  employs  much  mathematical  machinery  from  the  theory  of  angu- 
lar momentum  (Edmonds,  I960)  and  will  not  be  described  here- 
Such  calculations  were  first  reported  by  Gandel’man  (1959)  for 
allov/ed  transitions,  and  by  Koh  et  al.  (1962)  for  allowed  and 
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first-xoKbidden  transitions*  .Although-  Coulomb-  effects  on  the 
intermediate  electron  states  are  neglected  in  these  calculations, 

Zon  (1971)  has  reported  results  of  much  more  extensive  calcula- 
tions based  on  a generalization  of  the  Martin-Glauber  theory  to 
radiative  capture  from  arbitraiy  shells  and  for  any  order  of 
forbiddenness  of  the  EC  transition*  Only  for  the  case  of  al- 
lowed radiative  K capture,  however,  has  Zon's  theory  been  worked 
out  in  complete  detail,  and  we  shall  restrict  our  discussion  to 
this  particular  case- 

For  allowed  K-capture  transitions,  the  radiative  capture 
matrix  element  of  Zon  (1971)  reduces  to  that  of  Martin  and  Glau- 
ber (1998).  For  this  particular  case,  Zon's  final  results  can 
be  summarized  as  follows*  For  an  13  quantum  of  circular  polar- 
ization s and  a nuclear  Y quantum  of  circular  polarization  t, 
the  directional  correlation  function  is  of  the  form 

W^(6,s,t)  oc  (^-63) 

where  the  quantum  numbers  J'  and  refer  bo  the  angular  moment- 

I tx 

turn  of  the  nuclear  states  and  respectively,  and  6 is 

the  angle  between  the  directions  of  the  tv;o  photons*  The  factor 
b^  vanishes  for  a pure  Fermi  transition,  while  for  a pure  Gamow- 
Teller  transition  it  is 


;■  c(j^4-i)/j^i-/^ 

if 

i/Cj^(j^+i)]^/^ 

if 

= Ji 

(if-64) 

-Cj^(j^+i)]^/^ 

if 

J,  = J-1. 
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For  transitions  in  v/hich  both -EC  matrix  elements  are  operative^ 
we  have 


= 


™ ^ A.(R+I?*)| 


(l+X^ll?l^)  . 


-1 


(4-65) 


The  coefficient  A^,  familiar  from  the  theory  of  angular  correla- 


tions, is  defined  by 


A^(Ii'Jf^J^)  = CF^(LLJ^^jp+26F,(LL»J^^J^)+d\(L'LiJ^^jp] 

5<  (1+5  ) , (4-66) 


where  the  angular-momentum  and  parity  quantum  numbers  'Ltc  and 
Lilt’ -characterize  the  multipolarities  of  the  y transition,  and 
the  ratio  of  the  corresponding  reduced  matrix  elements  is 

H |[  Lti  I For  pure  multipole  radiation, 

v/e  have  L>=L  and  The  F coefficients  are  defined  b3r 

F (LLIJ^’^JJ  = (-1)  ^ :(2L+1)(?LT+1)(2J„+1)3]~^^  ' 

± X j.  J T 

/ L L’  1 \ [l  L'  1 1 


(4-6?)  • 


1 -1  O' 


Jf^f^ff 


v/here  the  standard  designations  ^ j and  | indicate  V/igner 
5j  and  6 3 symbols - 

It  is  immediately  apparent  from  the  form  of  Fq.  (4-63)  that 
the  circular  polarization  of  the  Y~ray  photon  must  be  measured  if 
one  is  to  observe  any  correlation  between  the  directions  of  the 
tvro  photons.  If  the  circular  polarization  of  the  IB  photon  is 
also  measured,  then  the  directional  correlation  function  is 
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i,'^(0,s,t)  = l+:^Ai(I'L'J.^jpbj^cos  0,  (A-68) 

independent  of  the  IB-photon  energy-  If  the  polarization  of  the 
IB  photon  is  not  measured,  ,Eq-  (4-65)  must  be  suirmied  over  s=±l- 
In  this  case,  the  directional  correlation  function  is  given  by 


V 

T 


JL-i- 


^ A^(LL'J^^Jjb,o,^^^Ck}cos  0, 


(k-6^) 


and  shov/s  a dependence  on  the  energy  of  the  IB  photon  charac- 
terized by  the  asytametry  function  previously  discussed - 

The  above  results  are  exact,  but  in  the  derivation  of  the 
IB-y  directional-correlation  functions  it  is  assumed  that  no 
forces  act  on  the  nucleus  uhile  it  is  in  the  intermediate  state 
1 Generally,  this  assumption  is  not  ’.■fell  satisfied,  be- 

cause  the  hole  in  the  atomic  shell  produces  strong  slagnetic  and 
inhomogeneous  electric  fields  at  the  nucleus,  leading  to  a per- 
turbation of  the  directional  correlations- 


Correlations  of  IS  and  Succeeding  Atomic  X Sava 
The  determination  of  the  directional  correlation  function 
for  an  IB  photon  and  a succeeding  x-ray  quantum  requires  a calcu- 
lation v;hich  is  essentially  analogous  to  that  of  IB-photon-Y~ray 
directional  correlations-  ^jOii  (IO7I)  has  carried  out  such  a cal- 
culation and  reported  final  formulas  for  the  case  of  radiative 
.capture-  For  allov/ed  transitions,  these  results  can  be  surmnarized- 
as  follows . 

For  an  IB  quantum- of  circular  polarization  s,  and  an  -atomic 
x-ray  quantum  of  circular  polarization  t.  the  directional- 
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cori'exation  function  3 s of  the  forr". 


(0,s,t)oC  (?J+1)(A  +sB^ 

L _Lrt  _L 


"cos  9,  (4-7C 


v/here  9 is  the  angle  cetv'eeji  the  direcbicns  of  the  two  photoniS 
and  J=1/?,3/B  is  the  angular  !5ior.;enturii  of  the  atomic  electron  wbich 
lills  the  hole  in  the  K shells 


Further  results  are  carallel  to  those  for  the  nuclear  y— ray 
case.  For  exatiiole,  it  is  evident  frori  (’-'-7^-  that,  in  order 
to  observe  a directional  correlation  between  the  two  rdiotons, 
th.e  circular  polarization,  of  the  x-ray  photon  'uust  be  measurer!. 
If  the  circular  polarization  of  the  IE  photon  is  also  measured, 
we  liave 


'^(0,s,t)  — 1-j-  ( pj-i-j.') 


(_!)'■* +1/^  ts 


ih-71) 


and  the  directional  correlation  shows  no  dependence  on  the  energy 
of  the  IB  photon.  If  the  polarisation  of  the  IE  photon  is  not 
measured,  we  have 


. ,J+l/2 


C 4-72) 


and  the  correlation  function  again  displays  a dependence  on  the 
energy  of  the  13  photon  characterized  b;^  the  asymmetry  functS.on 

4.1.^'.  IB  Specxra  and  Correlation  Effects  in  Forbidden  Transitions 
Early  attempts  to  formulate  a theory  of  IB  for  forbidden  tran- 
sitions v;ere  made  by  Cutkosky  (195^),  Turovtsev  and  Shapiro  (195^), 
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I'uhav/a  (1''.'=^),  and  et  al-  - Turovtsev  bps-  Sha- 

piro calculated  the  radiative  I'-car.ture  spectruc.  .for  first-for- 
bidrien  transitions,  assiunin-:  vector  and  tensor  couplings,  while 
Gutk:os!<:'  derived  the  matrix  element  for  radiative  1 capt;ire  for 
arhitrar:>'  couplin,^,  ne-rlectinf  terms  strict^  of  order  Z<\  or 
smaller  and.  ter.^is  contributin'^  only  to  third-  or  hirher-order 
transitions  Cutlcosky’s  principal  result  vras  a theorem,  often 
referred  to  as  the  "Cutkosk^'  rule,**  x/hich  relates  the  spectra  and 
angular  correlations  of  the  K-capture  IB  to  the  sijectra  and  an- 
gular correlations  of  positrons.  Basically,  these  calculations 

% 

are  extensions  of  the  work  of  Morrison  and  Schiff  (19^0)  to  for- 
bidden transitions,  Yukawa  (1956)  made  an  attempt  to  include 
relativistic  and  Coxilomb  effects  in  the  calculation  of  allowed 
and  first- forbidden  K-capture  IB  spectra.  The  formulas  he  ob- 
tained proved  to  be  so  complicated  that  this  work  has  never  led 
to  useful  results.  Koh  .et  al.  (1957,  195?)  first  reported  corre- 
lation studies  for  first- forbidden  transitions;  Coulomb  effects 
v/ere  neglected  in  these  calculations - 

The  modern  theorj-  of  radiative  electron  capture  in  forbidden 
transitions  is  due  to  Bon  and  Kapoport  (1963),  v/ho  developed  a 
generalization  of  the  theory  of  Martin  and  Glauber  (l'^55)  to 
transitions  of  arbitrary  order  of  forbiddenness.  They  also  de- 
rived general  formulas  for  the  IB  ener'jy  spectra.  Jor  K capture, 
detailed  results  v/ere  obtained-  Bon  (1971)  developed  this  theory 
further  for  radiative  capture  from  an  arbitrary  atomic  shell,  de- 
rived general  formulas  for  various  correlation  and  polarization 
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effects,  and  obtained  detailed  results  for  tbe  case  of  " cap- 


(^ure » 


The  theor]'  of  3orx  and  Rapoport  (1968)  starts  from  Eqs. 


(^~9)  and  (^-lO)  for  the  radiative  capture  maurix  element  and 
transition  rate.  In  order  to  evaluate  the  matrix  element  (h-9) 
exactly,  including  relativistic  and  Coulomb  effects  to  all  or- 
ders in  Za,  Son  and  Rapoport  first  decompose  and  simplify  it  by 
i-ntroducing  the  irref’ucible  tensor  operators  and  the  second-or- 
der Eirac-Goulonb  Green's  function  of  Martin  and  Glauber.  This 
decomposition  makes  the  angular-moment um  dependence  of  the  tran- 
sition ainplit'ide  explicit-  Integration  over  t!:e  angi:3.ar  coordinates 
is  then  coiapleted  through  exterisive  cse  of  the  methods  of  the  t’^e- 
ory  of  angular  nomentum- 

In  evaluating  the  transition  amplitude,  Son  and  Rapoport 
introduce  the  Konopinski-bnlenbeck  approximation’, 


K-L  r 


dr  r 


_ X* 
dr  r ,' 


2 2 1/2 

v/here  “S.  ) ' f and  the  5 approximation  which  is  based  on 

the  assumption  (Q^-l)Bj^,<<3o,,  a condition  that  is  always  v; ell- 
satisfied  when  competing  positron  emission  is  not  energetically 
possible.  Under  only  these  approximations,  Zon  and  Eapoport 
obtain  a general  expression  for  the  transition  rate  for  radiative 
electron  capture  from  an  arbitrary  shell.  The  form  of  the  re- 
sult reveals  that  for  radiative  electron  capture  in  the  5 approx- 
imation, just  as  in  P decay,  nonunique  forbidden  spectra  have 
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the  same  shape  as  the  unique  spectra  of  the  next-lov/er  order  of 
forbidderness- 

Onlp  for  '-I  capture  do  Zon  and  Eapoport  carry  their  calcula- 
tions to  completion.  For  capture  iror  hij;her  shells,  the  theory 
is  developed  further  by  Zon.  (1971) , but  the  resulting  expressions 
prove  to  be  too  coaplicated  to  permit  exact  analytic  evaluation 
or  even  the  development  of  expressions  that  are  correct  to  first 
order  in  Za.  Indeed,,  the  only  detailed  results  t'fhich  have  so  far 
been  reported  are  those  contained  in-  the  table  of  Zon  (1975) 

the  L-  and  M*-shell  IB  spectra  associated  with  the  first-forbidden 

4l 

unxque  transition  in  Ca;,  these  results  were  derived  through 
completely  numerical  procedures. 

Zon  and  2apoport's  transition  rate  for  radiative  K capture 
can  be  summarized  as  folloi^s-  Assuming  the  polarization  of  the 
IB  radiation  is  not  observed,  the  transition  rate  can  be  v/ritten 


The  form  factor  F^^(k)  is  defined  in  terms  of  tv;o  corrections 
factors,  R^^^(k)  and  S^^^(k),  and  the  appropriate  combination  of 
nuclear  matrix  elements  . : 


2(\„-\)-2(N-3 


"kA  1 

LC2jy)J!C?N-l)!j 

p(N).  , 2I-J-2 


1 


(h-7h) 
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O on  /p 

Here,  ic,^  is  the  nuclear  radius,  and  \,j  equals  (N^'-a'^')"'^  . Tht 
quantities  , for  all  conuri buting  values  of  A,  N,  and  ^ , 
have  been  tabulated  bjr  Zon  and  2apoport  for  up  to  third-for-;- 

Is 


bidden  transitions  (Table  4-4-)-  'rhe  correction  factors  S. 


are  defined  in  terms  o'^  the  more  fundamental  quantities  and 

-^N  '5 

B'’”,  which  are  generalizations  of  the  functions  and  B,  of 
is  Is  Is 

Martin  and  C-lauber 


■^00  JL. 
■'Is  ^ 41' 


(4-7f) 


To  specify  the  transition  rate,  formulas  for  A and  B are  re- 
quired. Zon  and  Sapoport  (1?68)  have  developed  exact  general 
expressions  for  these  functions,  but  these  formulae  contain  a 
large  number  of  integrals  involving  Vliittaker  functions,  none  of 
which  can  be  evaluated  exactly  analytically. 

Jor  moderately  light  nuclei,  it  may  be  sufficient  to  expand 
the  above-mentioned  integrals  in  powers  of  Zu  and  thereby  evalu- 
ate A and  B to  first  order  in  Za.  Such  calculations  are  reported 
by  Zon  and  .Sapoport  ( 196  8)  tri.th  the  result 


= 1-Zg/^  ^,[a  (p/k)+b  tan  \k/iJ.)](l/k)^.  (4-76) 


The  coefficients  a^  and  b^  are  listed  in  Table  4-5-  At  the  present 
time,  Eq-  (4-76)  is  the  only  formula  available  for  the  determina- 
tion of  A and  B,  Unfortunately,  even  for  light  elements  these 
formulas  are  not  valid  for  low  k-  The  nature  of  the  expansion 
underlying  Eq.  (4-76)  is  such  that  these  results  are  expected  to 
break  down  for  kSZa.  For  the  special  case  k-^,  hov/ever,  A and  E 
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p^ii  be  evaluated  exactly  to  all  order  in  2he,  . results, . 

listed  in  tie  last  eolutnn  of  'fable  are  valuable  for  esti- 

mating -the  loy-energy  behavion  pf  A'  ^nd  B and  to  test  numerical 
procedures  for  the  exact  evaluation  of  A -and  3 for  arbitrary  k- 
In  .examining  predict, ed  IB  spectra  for  K capture  in 

further  detail,  v/e'  restrict  our  discussion  to  first-forbidden 
•transitions- 


iFonuniaus  First- Forbidden  transitions 
In  the  t approximation,  the  h-capture  13  spectrum  of  a 
nonunique  -first-rfprbidden  transition  is  predicted-  to  have  the 
allowed  shape.  Indeed,  v/hen  the  above-  results  are  evaluated 
for  this  case  and  normalized  by  the  corresponding  nonradiative' 
Krfcapture  rate,  exactly,  .the  sam.e.  result  i.s  obtained  as  .for  the 
allpv/ed  case. 


dv/. 


Is 


IcC'Q  -k)  ^ 

?:  “ dk, 

w ' n ^ Is,  ’ 

K 


('<-77) 


where  is  easily  identified  as.  the  function  of'  Martin  and 

Glauber  (1958),,  defined  by  Eq-  ('<^37).'  and-  displayed-  in  Eig., 


Unique;  First-Forbidden  Transitions. 

In-  unique  forbidden,  transitions.,.,  only  one.  nuclear  matrix 
element  contributes  and,  the  5 approximation-  becomes  irrelevant- 
For  unique  first-forbidden  electron 'capture,  the  radiative  tran- 
sition rate  normalized  by  the  corresponding  nonradiative  K-capture 


rate  is 


20? 


dv;. 


Is 


(4-7?.) 


The  factor  i’A  the  brackets  replaces  the  function  7?'“^'  v/hic’". 

* Is 


-aaiDears  in.  the  allowed  result/ 


rtliile  the  factor  R 


(1) 

Is 


has  been  evaluated  exactly  numeri- 


cally and  in  several  analytic  approximations,  this  has  not  bean 
( 2' 

done  for  only  available  basis  for  the  evaluation  of 

is  Eq.  (4-76),  from  which  R£^  can  be  calculated  to  first 

order  in  Za,  with  results  only  valid  for  k?Zct,  For  kH),  it 

follows  from  Table  4.5  that  S^^^<«l/k^-  Thus,  it  may  be  expected 

(2) 

that  v/ill  contribute  substantially  to  the  determination  of 

the  IB  spectrum  at  all  photon  energies  < Little  is  therefore 
gained  by  evaluating  2^^^  to  any  greater  accuracy  than 
illustrate  the  behavior  of  the  correction  factors,  we  have  evalu- 
ated the  functions  snd  first  order  in  Za,  using  Eqs. 

(4-75)  and  (4-76),  for  two  atomic  numbers  (Fig  4-10). 

It  is  of  interest  to  consider  the  limit  Z-K),  corresponding 
. to  the  neglect  of  Coulomb  effects  on  the  intermediate  electron 
states  and  the  momentum  of  the  initial  electron.  In  this  limit, 
l^j=N,  and  Sq-  (4-?8)  is  simplified  to 


a 

% 


k(q^^-k)2 


C ( 1-k/q^^ ) ^+(  k/q  ) ^]  dk- 


(4r79) 
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This  result  can  also  be  obtained  by  extending  the  calculations 
of  r<orrison  and  3ohiff  Cl9^0)  to  unicrie  first- forbidden  transi- 
tions- Sjuation  (4-79)  is  interesting  because  of  its  sinnlicity 
but  is  not  expected  to  be  very  accurate,  although  it  does  describe 
the  general  shape  of  the  33  spectruti  The  express.ion  3,s  useful 
for  estiTiating  the  integrated  intensity  over  any  fiven  portion, 
of  the  spectrum,  providing  an  upper  bound- 

In  order  to  assess  the  importance  of  Coulomb  effects  in 
unique  first- forbidden  transitions  and  to  illustrate  the  dif- 
ference between  allov/ed  and  forbidden  shapes,  we  have  plotted 
several  different  predictions  for  the  K-capture  13  spectrum  of 
^^Ca  in  Slg.  4-11- 

The  tvjo  Korrison-and-Schiff  curves,  labeled  ?-S-A  and.  T3— ?, 
illustrate  the  basic  differences  in  spectral  shape  between  al- 
lowed and  first-forbidden  unique  transitions-  The  behavior  of 
the  Zon-Eapoport  (ZS)  result  at  k>Zc:  suggests  that,  for  unique 
first-forbidden  transitions,  the  main  effect  resulting  from  the 
inclusion  of  Coulomb  effects  is  an  overall  reduction  in  the  in- 
tensity of  the  13  spectrum,  similar  to  that  found  in  the  allo\/ed 


case. 
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4.2.  Radiative  Electron  Capture — Ei^eriraents 

Ej5>erimental  studies  of  the  radiative  capture  process  are  valuable 
for  providing  information  on  electron-capture  decay,  analogous  to 
the  information  on  3 decay  derived  from  the  study  of  3 spectra.  The 
energy  spectrum  and  the  intensity  of  internal -bremsstrahlung  (IB) 
photons  provide  a measure  of  the  total  energy  release  and  the  change 
of  spin  and  parity  in  the  decay.  E:^eriments  on  the  circular  polari- 
zation and  on  various  angular  correlations  provide  basic  information 
on  weak  interaction  and  nuclear  structvire.  Furtheirmore , bremsstrahlung 
experiments  may  yield  supplementary  data  for  the  characterization  of 
nuclear  decay  schemes  and  for  the  determination  of  capture  ratios 
from  various  subshells. 

Precise  experimental  investigations  of  radiative  electron  capture 

do,  however,  require  rather  complicated  techniques  for  experiment  and 

-4 

analysis,  due  to  the  very  low  intensity  (*^10  photons  par  capture 
event)  and  the  continuous  nature  of  the  IB  spectra.  The  interpreta- 
tion of  experimental  results  is  made  difficult  by  the  fact  that  electrons 
captured  from  different  atomic  siibshells  contribute  to  the  emitted 
radiation. 

Much  effort  has  been  devoted  to  IB  ejqieriments  during  the  last 
thirty  years.  Critical  reviews  were  compiled  by  Zylicz  (1968)  and 
Kadar  (1972) , and  to  a lesser  extent  by  Bouchez  and  Depommier  (1965) , 
Petterson  (1965),  schopper  (1966),  and  Berenyi  (1968).  considerable 
progress  has  been  achieved  since,  especially  in  the  development  of 
experimental  techniques. 
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The  low  probability  of  radiative  capture  makes  its  observation 
sensitive  to  interference  from  other  electromagnetic  radiation. 
Especially  nuclear  y rays,  annihilation  radiation  and  x rays  emitted 
in  the  coTirse  of  radioactive  decay  can  considerably  limit  the  energy 
range  of  an  IB  measur^ement  and  distort  the  measured  IB  pulse-height 
spectrum  through  pileup  and  simnming  effects.  The  measxireraent  of 
coincidences  between  such  primary  radiation  and  the  rare  IB  photons 

I 

\ 

requires  sophisticated  techniques.  In  decays  with  competing  3 or  3 
branches  or  with  highly  converted  y transitions,  corrections  may  be 
required  for  other  types  of  electromagnetic  radiation,  comparable  in 
intensity  with  IB:  (i)  internal  bremsstrahlung  accompanying  3 or  3 

decays,  (ii)  external  bremsstrahlung  emitted  during  absorption  of  3 
particles  or  conversion  electrons  in  the  source  or  surrounding 
materials,  and  (iii)  continuously  distributed  annihilation  radiation  ^ 
for  positron  annihilation  in  flight.  In  view  of  the  large  number  of 
possible  interfering  effects,  it  is  not  surprising  that  IB  measurements 
performed  up  to  now  have  been  restricted  to  electron-capture  transitions 
in  simple  decay  schemes.  In  most  of  the  many  nuclei  decaying  by 
electron  capture,  radiative  capture  has  not  yet  heen  investigated. 

It  is  also  evident  that  IB  experiments  are  very  sensitive  to 
small  amounts  of  y-ray  emitting  impurities  in  the  sources'.  EJiperl- 
mental  results  therefore  are  only  reliable  if.  the  source  material  is 
carefully  checked  and  purified  if  necessary  to  remove  spurious  con- 
taminates. Impurity  checks  of  the  required  sensitivity  were  hardly 
possible  before  the  advent  of  high-resolution  Ge(Li)  spectrometers. 
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whence  older  experimental  results  must  be  regarded  with  reservations. 

On  reviewing  the  e^erimenfal  literature,  it  appears  that  most 
measurements  of  IB  spectra  have  been  performed  only  to  derive  electron- 
capture  transition  energies  from  the  IB  end-point  energies.  This 
procedure  was  initiated  by  the  early  theory  of  Morrison  and  Schiff 
(1940)  and  Jauch's  proposition  to  linearize  IB  spectra  in  a way  that 
resembles  the  construction  of  Kurie  plots  for  g spectra  (Jauch,  1951; 

Bell  et  al. , 1952)'.  For  this  purpose,  most  IB  spectra  were  measured 

^ 

without  normalization  to  the  electron-capture  rate.  These  shape  mea- 
surements qualitatively  confirmed  the  spectral  shapes,  predicted  by 
theory  for  s-  and  p-type  radiation;  in  the  case  of  forbidden  decays, 
they  yielded  an  estimate  of  the  relative  abundance  of  detour  transi- 
tions. Measurements  of  spectral  shapes  alone,  however,  are  not  ade- 
quate for  a detailed  test  of  modem  IB  theory  (Martiri“Md  Glauber, 

1958;  Intemann,  1971);  as  shown  in  Sec.  4.1,  relativistic  and  Coulomb 
effects,  screening,  exchange  and  overlap  influence  the  absolute  IB 
yield,  while  affecting  spectral  shapes  only  slightly,  iibsolute  IB 
measurements,  are,  however,  scarce.  Some  early  results  exist,  6f  poor 
accuracy,  pertaining  to  ground-state  transitions;  a few  results  on 
decays  that  include  y transitions  were  obtained  recently. 

In  Secs.  4. 2, 1-4. 2, 2,  we  have  compiled  the  available  experimental 
material  and  classified  the  techniques  employed ‘in  the  measurement  of 
normalized  IB  spectra  associated  with  different  decay  schemes.  We 
do,  however,  frequently  refer  to  incomplete  studies  and  list  all 
ejqseriments  known  to  us,  to  provide  a guide  for  accurate  future 
investigations . 
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•4r2'.  r.“  Bicperiments  on  Total  IB  Spectra 

An  IB  spectrm  that  is  not  measured  in  coincidence  with  x rays>  or 

Auger  electrons  constitutes  the  total  spectrum  dw_„,  which  is  a 

xs 

superposition  of  partial  spectra  dw^^  due  to  electron  capture  from 

different  atomic  states  nJl.  This  spectrum  is  mainly  determined  by  s 

2 

radiation  for  energies  above  '^Za  (in  units  of  me  ) and  by  p radiation 
-at  lower  energies;  contributions  from  the  innermost  Is  and  2p- shells 
dominate-.  ‘ 

Experimental  technigues  applicable  to  the  determination  of  total 
spectra,  can  be  divided  broadly  into  two  categories:  single-spectrum 

methods  and  coincidence  methods.  In  single- spectrum  methods,  IB 
Spectra  are  measured  relative  to  other  emitted  radiation  that  can  be 
normalized'- to'-the  ordinairy  capture  rate.  ; Measurements  in  coincidence 
with  Y rays  or  conversion  electrons  permit  separation  of  the  IB 
spectra  associated  with  individual  electron-capture,  branches  in  a 
given  decay. • 

In  Table  4.6,  we  list  published  experiments  on  total  IB  spectra 
and  indicate  what  methods  and  spectrometers  were  used  and'  what  quanti- 
ties were  deduced.  A somewhat  more  detailed  description  of  experi- 
mental methods  follows. 

Spectrometry  of  IB  and  of  x rays  and'  Auger  electrons . Total  IB ' 
spectra  can  most  advantageously  be  observed'  in  pure  ground-state  transi 
tions-  and  in  decays  'that  feed  only  low-energy  transitions-.  Table  4-6 
shows  -that  numerous  total  IB  measurements  have  been  performed  on  such 
sxmple  decays,  viz. , on  Ar,.  Ca,  V,  Pe,  Ge,  Sb, 


125.,  131„ 

I,  Cs 
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and  Nal  (TJl)  and  Ge(Li)-  spectrometers 

have  been  used.  In  cases  in  which  the  electron-capture  transition 

energy  is  high  compared  with  the  K x-ray  or  y-ray  energy,  a large 

fraction  of  the  IB  spectrum  can  be  measured.  Counting  problems  produced 

by  the  much  higher  x-ray  or  y-ray  rates  can  be  avoided  by  placing 

suitable  absorbers  between  source  and  spectrometer.  Por  example, 

131 

Pig.  4-l2  shows  IB  pulse-height  spectra  o£  Cs  recorded  with  a 
Nal(Ti)  spectrometer,  a variety  of  Cu  absorbers  having  been  interposed 
(Saraf , 1954a) . The  procedure  fails  for  "transition  energies  not  far 
above  the  K x-ray  energy;  in  such  cases,  pileup'  from  the  K x-ray  pulses 
strongly  affects  the  IB  spectrum.  Methods  for  pileup  reduction  and 
correction  are  'described  below. 

In  most  cases  listed  ih  Table  4.6,  only  IB  spectral  shapes  were 

, * 

measured,  and  the  accuracy  is  generally  poor.  Precise  shape  determina- 

' ‘ ( 

tions  with  different  types  of  Nal (TA)  spectrometers  have  been  per- 
55 

formed  .on  Pe  (Berenyi  et  al. , 1965b) , and  on  the  forbidden  spectra 
36 

from  Cl  (Berenyi  et  al. , 1965a,  b;  Smirnov  and  Batkin,  1973)  and 

59  ' ■ ’ ' 

Ni  (Schmorak,  1963). . Only  recently  were  Ge(Li)  spectrometers  used, 

41 

resulting  in  accurate  shape  meas\arements  on  Ca  (Myslek  et  al.  , ,1973) 

*/  ' 

59 

and  Ni  (BerSnyi  et  a^.  , 1976)  and  on  the  IB  spectrum  from  higher 
193  • 

shells  only  in  Pt  (Hopke  and  Naumann,  1969). 

To  obtain  normalized  IB  spectra,  the  ordinary  K-capture  rate  w 

« K 

must  be  determined  from  separate  measurements  of  the  K x-ray  or  K 

Auger-electron  emission  rates,  Nomalized  IB  spectra  have  been 

37  55 

determined  in  only  a few  cases:  for  Ar-  (Saraf)  1956),  Fe 

71  119 

(Michalowicz,  1953;  Saraf,  1956) , Ge  (Bisi  et  al. , 1955a) , Sb 
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• - (OlsenT-et-  al-. -1957-)-7-  Cs-  (MichaiowiczT  •19563',"*  ’ Sm  (Su'IRowsR'x 

1968),  (Sujkowski  ^ aj^. , 1965)  and  (Zylicz  et  al. , 1963; 

, Sujkowski  al. 1965) - All  these  workers  used"  NaI'{TiiT  crystals"  to 

detect  the  K x rays,  with  the  exception  of  Saraf  (1956),  who  applied  a 

55 

low-geometry  proportional  counter  for  the  K x rays  in  Pe  and  used 

37 

xnternal  gas  counting  to  determine  the  K Auger-electron  rate  from  Ar. 

145  159 

In  the  cases  of  Sm  and  Dy,  the  K x rays  could  not  be  resolved 
from- low-energy  y rays,  and  decay-scheme  corrections  were  applied.  The 
accuracy  of  these  early  normalized  IB  spectra  is  generally  poor  (rarely 
better  than  50%) ; considerable  improvements  would  be  possible  today 
(see  Sec-  3).  New  measurements  of  total  IB  spectra  would  be  of  great 
value,  especially  for  pure  ground-state  transitions  which  are  listed 
in  Table  4.7, 

TB  and-  y-t-ay  spectrometry.  For  decays  that  involve  emission  of 
energetic  y rays,  the  measurement  of  total  IB  spectra  is  much  more 
complicated.  On  the  other  hand-,  the  Y rays  make  it  possible  to 
•normalize' the  IB  spectra,  independently  of- fluorescence' yields.  If  no 
IB-y  coincidences  are  measured,  the  available  energy  range  is  generally 
limited  to  energies  above  the  highest  y energy.  Thes.e  measurements  < 
depend  strongly  on  the  details'  of  the  decay  scheme,  such  as  y and 
electron-capture  energies  and  branching  ratios,  and  internal-conversion 
coefficients . 

To  date,  IB  and  y spectroscopy  has  only  been  applied  to  relatively 

7 51 

simple  decays,  such  as  that  of  Be  (Mutterer,  1973b),  Cr  (Bisi  et  al. , 
1955b;  Cohen  and  Ofer,  1955;  Van  der  Kooi  and  Van  der  Bold,  1956; 
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Ofer  and  Wiener,  1957;  Murty  and  Jnanananda,  1967;  Ribordy  and  Huber, 

1970;  and  Mutterer,  1973a)  and  (Phillips  and  Hopkins,  1960). 

7 51 

The  isotopes  Be  and  Cr  have  favorable  decay  schemes  for  this  type 
of  measurement.  Both  nuclides  decay  by  two  electron-capture  branches, 
^<90%  to  the  ground  state  and  ‘^'10%  to  an  excited  state  with  an  energy 
of  'vQ  /2.  Thus,  a large  fraction  of  the  IB  spectrum  associated  with 
the  ground-state  branch  can  be  measured  without  interference  from  the 
second  electron-capture  branch.  A single  y spectrometer  can  be  used 


to  determine  relative  to  the  y emission  rate.  In  order  to 

normalize  dw  to  the  ground-state  electron-capture  rate,  the  y 
XB 

branching  ratio  found  precisely  from  measurements  of 

the  disintegration  rate  through  4ir  (x-ray.  Auger) -y  coincidence 
cotinting,  and  of  the  y’ rate  by  integral  y counting  (Mutterer,  1971; 
De  Roost  and  Lagoutine,  1973) . 


Above  the  y-ray  energy,  the  IB  spectrum  must  be  corrected  for 
y-ray  pileup.  In  early  measurements  on  ^^Cr  and  Nal(Tf) 

spectrometers  were  used.  With  these,  poor  resolution  and  long  pulse 
rise  times  cause  the  pileup  spectra  to  be  smeared  out  (Waibel,  1969, 
1970)  and  it  is  not  clear  whether  the  measured  IB  spectra  are  free  of 


pileup  distortions.  These  measurements  were  considerably  refined  by 
Ribordy  and  Hiiber  (1970)  and  Mutterer  (1973a,  b)  who  used  Ge(Li) 
spectrometers  with  electronic  pileup-rej action  systems.  Such  systems 
prevent  pileup  of  pulses  spaced  by  2100  ns  and  can  reduce  total  pileup 
by  an  order  of  magnitude.  Furthermore,  the  residual  pileup  spectra 
show  sharp  sum  peaks  that  can  be  distinguished  from  the  smooth  IB 
spectra  (Fig.  4-l3).  A complete  separation  of  the  IB  spectrum  from 
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the  residual  pxleup  spectrum  cannot,  however,  be  achieved  in-  a single 

measurement,  even  with  a weak  source  (Ribordy  and  Huber,  1970);  an 

extrapolation  from  measurements  with  sources  of  different  strengths  is 

required.  The  extrapolation  procedure  used  by  Mutterer  (1973a)  is 

illustrated  in  Fig.  4-14-  This  technique  has  yielded  normalized  IB 
7 51 

spectra  of  Be  and  Cr  (Pig.-  4-]^  ) of  good  accuracy.. 

The  spectrometry  of  IB  in  the  presence  of  y t’ays  could'  be  further 
improved  by  using  large  Ge.(Li)'  detectors  and’,  suitable  absorbers,  in 
order  to  optimize  the  ratio  of  IB  to  y-ray  counting  rates,  and  by 
using ^ low-background  arrangements. •.  The  reduction  o'f 'background , 
either  by  applying  optimal  shielding  or  by  using  anticoincidence 
devices  (Persson  and  Koonin,  1972) , allows  the  use  of  weak  sources  and 
reduces  the  pileup  correction  accordingly..  It  would  also  be  inter- 
esting to  apply  Ge(Li)  anti-Compton  spectrometers,  operated  wi-th  pileup 
rejectors,  because  here  pileup  is  confined  to  the  region  of  the  coinci- 
dence svun  peaks.  It  can  be  expected  that  with  improved  techniques  the 

51  7 

accuracy  with  which  total  IB  spectra  of  Cr  and  Be  are  now  measured 

can. also  be  attained  in  cases  of  decay  schemes  with  higher  P^, 

larger  ratios  of  y-ray  energy  to  Q_„,  or  with  several  y branches. 

EC 

Spectrometry  of  the  ground-state  bremsstrahlung  offers  the  possibility 
of  determining  ground-state  branching  ratios  that  in  complex  decays  can 
otherwise  only  be  obtained  (often  with  very  poor  accuracy)  from  total 
Y and  x-ray  intensities . 

IB  spectrometry  in  coincidence  with  y rays.  Spectrometry  of 
internal  bremsstrahlung  in  coincidence  with  y rays  or  conversion 
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electrons  peirinitSone  to  separate  the  IB  spectra  accompanying  decay  .to 
different  excited  states.  Spectra  can  be  measured  over  their  entire 
energy  range,  above  the  K,  x-ray  region, 'for  EC  transitions  that  feed 
states  which  decay  by  prompt  y-ra.y  emission  to  the  ground  state  or  to 
a lower- lying  metastable  state  of  the  daughter  nucleus.  Normaliza- 
tion is  easily  accomplished  by  dividing  a coincidence  IB  spectrum  by 
the 'singles  y counting  rate. 

IB-y  coincidence  es^eriments  have  been  performed  on  EC  transitions 

7 

to  excited  states  in  the  decays  of  Be  (Lancman  and  lebowitz,  1971a; 
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Persson  and  Koonin,  1972),  Cr  (Koonin  and  Persson,  1972);  Mn 

(lancman  and  Lebowitz, ' 1969;  Kadar  et  al. , 1970;  Koonin  and  Persson, 

1972),  ^^CO  (Lancman  and  Lebowitz,  1971b),  and  (Bosch  et'  al. , 

1967) . ' The  main  difficulty  in  IB-y  coincidence  spectrometry  arises 

_4 

from  the  large  difference  in  intensity  ('^'10  ) between  IB  and  y radia- 

tion, because  the  y-ray  sp'ectra  usually  cover  the  same  energy  range 
as  the  weaJc  IB  spectra.  ' Very  short  coincidence  resolving  times  and 

high-efficiency  detectors  are  therefore  necessary  to  attain  good  true- 
st* 

,to-chance  coincidence  ratios  within  reasonable  counting  times.  . 
Furthermore,  scattering 'between  the, 'IB  and  y detectors  must  be  avoided 
-to ''prevent  false  prompt  , coincid^ces  and  counting  losses  .produced  by' 
sum  effects  in  both  channels.  To  meet  these  conditions,  Nal(Tt) 
scintillators  have  been  used  as  IB.  and  y detectors,  arranged  in  close 
face-to-face  geometry.  Scattering  has  been  reduced  with  suitable 
absorbers  - (L^cman  and  Lebowitz,  1969,  1971a,  b) , sometimes  combined 
with  lead  collimators  (Persson  and  Koonin,  1972;  Koonin  and  Persson, 
1972)  (Fig.  4-]5).  Kada"r  et  al.  (1970)  employed  a 90°  crystal 
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arrangement  of  lower  geometry  with  lead  collimators.  Timing  was 
accomplished  by  Bosch  ^ al.  (1967) , Lancman  and  Lebowitz  (1969,  1971a, 
b) , and  Kadar  al.  (1970)  with  conventional  fast-slow  coincidence 
circuits  of  20-35  nsec  resolving  time.  Even  so,  random  coincidences 
between  y events  in  both  detectors  made  the  main  contribution  to  the 
measured  coincidence  spectra.  Bremsstrahlung  spectra  were  found  by 
subtracting  singles  y spectra,  recorded  with  the  IB  detector,  from 
the  measured  coincidence  spectra;  both  sets  of  spectra  had  been 
normalized  to  equal  photopeak  areas  (Fig.  4-1^;. 

- A considerable  improvement  in  technique  was  achieved  by  Persson 
and  Koonin  (1972)  by  using  a fast  time-to-pulse-height  converter  and 
applying  two-parameter  analysis;  the  IB  pulse-height  spectrum  and  the 
energy-dependent  delay  between  IB  and  y pulses  were  recorded 
simultaneously.  A block  diagram  of  the  electronic  circuit  is  shown  in 
Fig.  4-i8-  This  technique  has  led  to -effective  coincidence  resolving 
times  of  M nsec  over  the  entire  IB-spectrura  range.  Persson  and 
Koonin  (1972)  have  furthermore  reduced  the  background  rate  by  sur- 
rounding both  crystals  with  a plastic-scintillator  anticoincidence 
shield,  allowing  the  use  of  weak  sources.  With  this  technique,  random 

lower 

coincidences  could  be  reduced  to  a much  level,  and  accurate  IB 

7 51  54  7 

spectra  could  be  measured  for  Be,  Cr,  and  Mn.  The  result  for  'Be 
is  shown  in  Fig,  4-19. 

^ ’ It  would  undoubtedly  be  o^f  interest  to  apply  thislB-y  coincidence 

technique  to  additional  cases.  Large  Ge(Li)  detectors  or  plastic 

scintillators  might  be  used.  In  cases  that  involve  low-energy  y 

transitions,  measurements  might  be  performed  in  coincidence  with 

145 

conversion  electrons;  this  has  been  done  only  with  Sm  (Sujkowski 


et  al. , 1965) . 
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Speatrometry  o£  IB  and  of  positrons  or  annihilation  radiation 
For  high-energy  transitions  in  which  electron  capture  competes  with 
positron  emission,  total  IB  spectra  can  be  measured  relative  to  the  3^ 
decay  rate  or  to  the  annihilation  radiation  (y^)  produced  by  the  posi- 
trons in  suitable  source  encapsulations.  Methods  for  measuring  EC/ 3^ 
ratios,  with  which  the  IB  spectra  can  be  normalized,  are  discussed  in 
Sec.  3.4.  Interference  of  annihilation  radiation  with  the  IB  spectrum 
can  be  reduced  by  measuring  anticoincidences  with  a detector 

placed  opposite  the  IB  detector.  Alternatively,  very  thin  sources  and 

*1*  I 

backings  can  be  used  and  the  3 particles  can  be  magnetically  bent 
away  from  the  IB  detector.  This  technique  has  been  applied  by  Berenyi 
and  Varga  (1969)  to  measure  internal  bremsstrahlung  from  3 emission 
with  minimal  contribution  from  external  bremsstrahlung.  In  isotopes 
that  decay  by  electron  capture  and  3^  emission,  the  positrons  give 
rise  to  such  other  continuously  distributed  radiation  as  internal  and 
external  bremsstrahlung  and  photons  from  positron  annihilation  in 
flight  (Kantele  and  Valkonen,  1973).  The  EC  bremsstrahlung  spectra 
will  be  affected  by  these  effects  af  energies  below  the  3 end  point 
and  in  the  neighborhood  of  511  keV. 

The  only  reported  IB  measurements  on  a nuclide  decaying  by  EC  and 

+ 36  “J" 

3 emission  are  on  Cl,  which  has  a very  weak  (0.001%)  3 branch  and 

decays  98.1%  of  the  time  by  3 emission.  The  bremsstrahlung 

accompanying  the  1.9%  EC  branch  has  been  studied  by  Dougan  ^ al. 

(1962),  Berenyi  (1962,  1963b,  1965a),  Lipnik  et  al.  (1964),  Berenyi 

et  al.  (1965b)^  and  Smirnov  and  Batkin  (1973)  with  various  types  of 

Nal(TJl)  spectrometers.  The  latter  two  experiments  yielded  very 
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accurate  results  on  the  IB  spectrum  shape  at  energies  above  the  6 end 
point  at  712  keV,  No  attempt  was  made,  however,  to  normalize  the 
spectra  to  the  electron-capture  rate. 

Bremsstrahliing  studies  on  isotopes  that  decay  by  electron  capture 
and  emission  do  not  contribute  decay-scheme  information  that  could 
not  be  derived  more  readily  from  spectrometry.  Measurements  of 
normalized  IB  spectra  at  high  energies  would,  however,  be  extremely 
useful  to  check  the  treatment  of  relativistic  and  Coulomb  effects  in 
the  theory,  which  predicts  that  these  effects  reduce  the  IB  yield 

with  Increasing  energy  (Fig,  ^-3)* 

4.2.2,  Experiments  on  Partial  IB  Spectra 

Supplementary  to  the  experiments  described  in  Sec.  4.2.1,  con- 
siderable effort  has  been  expended  to  measure  partial  IB  spectra  asso- 
ciated with  electron  capture  from  specific  shells,  mainly  the  Is  IB 
spectrum  associated  with  K capture.  Such  spectra  can  be  observed  by 
IB  spectrometry  in  coincidence  with  x rays  or  Auger  electrons.  Higher- 
shell  spectra  can  be  determined  by  subtracting  accurately  measured  Is 
IB  spectra  from  total  IB  spectra. 

The  Is  IB  spectrum.  Spectrometry  of  internal  bremsstrahlmg  in 
coincidence  with  K x rays  or  K Auger  electrons  singles  out  the  Is  IB 
spectrum  dw^^.  The  spectrum  can  be  normalized  to  the  corresponding 
K-capture  rate  by  dividing  the  coincidence  IB  spectrum  by  the  singles 
K x-ray  (K  Auger- electron)  counting  rate. 

Only  IB-K-x-ray  coincidence  experiments  have  been  reported 


221 


(Table  4.8).  Most  of  these  experiments  have  yielded  only  spectral  . 

shapes.  Normalized  spectra  have  been  determined  only  for  some  simple 

decays,  viz. , for  ^^Fe  (Biavati  ^ , 1962) , ^^^Cs  (Michalowicz, 

145 

1956  ; Biavati  ^ al. , 1962)  (Fig.  4-20) , Sm  (Sujkowski  et  al. , 

1968),  and  ^^^Er  (Zylicz  et  al. , 1963;  Sujkowski  et  al. , 1965).  Nal (Tf ) 

detectors  were  used  in  these  e^eriments  for  both  the  IB  and  K x-ray 

photons;  interference  of  K x-rays  in  the  IB  spectrometer  was  avoided 

145  165 

with  absorbers.  For  all'  isotopes  but  Sm  and  Er,  only  poor 

accuracy  was-  achieved  in  these  early  experiments. 

.Measurements  of  bremsstrahlung  in  coincidence  with,  K x rays  can 

also  be  performed  in  the  presence  of  higher-energy  y rays,  with  the 

restriction  that  prompt  y rays  limit  the  observable  Is  radiation  to 

energies  above  the  y energy.  Spectra  accompanying.  EC ' decays  that  feed 

a state  deexcited  by  prompt  y rays  of  energies  in  -excess  of  the  EC 

transition  energy  cannot  be  obtained  by  IB-K-x-ray  coincidences  with 

' • . 54 

any  degree  of  accuracy.  One  IB  result  on  such  a cascade  xn  Mn, 

reported  by  Jung -and -Pool  (1956),  should  be  disregarded.  Delayed  y 

ray's,  such^  as  arise  if  electron  capture  feeds  isomeric  states,  have  no 

direct  influence  but  may  contribute  considerably  to  the  random-  . 

coincidence  rate  below  the  y energy.  This  was  the  case  in  the  older 
‘ 85 

coincidence  experiments-  on  Sr  by  McDonnell  and  Ramaswamy  (1969) , 

^^^Cd  by  Gopinathan  and  Rubinson  (1968),  and  ^^^Sn  by  Jung  and  Pool 
(1956).  Modern  coincidence  techniques,  as  used  by  Persson  and  Koonin  - 
(1972)  in  IB-y  spectrometry,  would  permit  measurements  of  entire  Is  IB 
spectra.  Some  results  on  Is  spectra  have  been  reported  for  EC 
transitions  to  isomeric  states  with  mean  lives  of  the  order  of  the 
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coincidence  resolving  time,  viz; , oii  I (Gopinathan  and  Rubinson, 
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1968)  Sm‘  (Sujkbrtski  etal., , 1968),  and-  Hg  (Jasinski  et  al. , 

1965)..  In  such  cases,  only  the  spectrum  above-  the  y-ray  energy  is 

usually  observable,  and  normalization'  is  complicated. 

In  all  measurements  o'f  coincidences  between  bremsstrahlung  and 
K X rays  on  radioisotopes  that  emit  prompt  or  delayed  y ^^ys,  a cor- 
rection must  be  applied  for  the  y contribution  in  the  K'  x-ray  channel.. 
This  correction  is  determined  through  a second  measurement  with  a 
discriminator  .window  setting  above  the  K x-ray  line.  Corrections  for 
K x'  rays  from  internal  conversion  must  also  be  considered, 

Bremsstrahlung  from  Is  capture  can  be  measured  in  coincidence 
with  K X rays  even  in  cases  where  3.^  or  3 decay  competes,  with 
electron  capture  because  the  only  K vacancies  created  in  6 decay  are 
the  few  produced  by  K-shell  internal  ionization  or  shakeup  {Sec.  5) . 
Thallium-204  has  often  .been  investigated;  this  isotope  decays  by 
97.9%.  3 emission  and  2.1%  electron  capture.  Lancmann  and  Bond 
(1973)  have  pointed  out  that  double  internal  bremsstrahlung  associated 
with  the  3 branch  may  have  to  be  considered. 

Most  measurements  of  Is  IB  spectra  could  be  considerably  improved 
today.  Careful  new  measurements  on  pure  ground-state  'decays  and  EC 
decays  to  isomeric  states  would  be  especially  useful. 

Higher-shell  IB  spectra.  The  possibilities  for  measuring  the 
bremsstrahlung  that  accompanies  electron  capture  from  higher  shells 
are  more  limited.  Radiation  from  ns  capture,  n>l,  has  very  similar 
shape  to  Is  radiation  and  constitutes  only  ''^10%  of  the  total 
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bremsstrahlung  in  the  energy  range  above  '^Za.  The  radiation  accompanying 

capture  of  p electrons  dominates  only  at  low  energies , k<Za ; for  low  Z , 

this  is  difficult  to  separate  from  the  characteristic  x-ray  lines. 

The  IB  spectra  associated  with  capture  from  higher  shells  are 

quite  easily  observed  in  the  few  low-energy  transitions  in  which  K 

X93  X63 

capture  is  energetically  forbidden,  e.g. , Pt  and  Ho.  Sn  . 

193 

accurate  IB  shape  measturement  on  Pt  was  performed  by  Hopke  and 
Naumann  (1969)  with  a Ge(Li)  spectrometer  (Pig.  4-21).  more 
energetic  transitions,  however,  such  spectra  are  very  difficult  to 
measure  with  gOOd  accuracy. 

The  2s  IB  spectrum,  associated  with  radiative  capture  of 
electrons,  can  only  be  singled  out  in  coincidence  with  L x rays  if  it 
is  possible  to  gate  on  the  and  lines.  Other  L x rays  can 

also  arise  from-L^  ^ capture  or  follow  Ka  x-ray  emission  after  K 
capture.  The  method  is  thus  restricted  to  high-Z  atoms  for  which  the 
L x-ray  components  can  be  resolved  and  the  K fluorescence  yield  is 
large.  For  other  nuclides,  the  2s  spectrum  (including  s spectra  from - 
higher  shells)  can  only  be  obtained  indirectly  by  comparing  accurately 
measured  Is  and  total  IB  spectra.  No  experimental  results  on 
separated  2s  IB  spectra  have  been  reported. 

The  2p  IB  spectrum  associated  with,  radiative  capture  of  electrons 
from  -the  siibshell  (plus  the  small  amount  captured  from  the  sub- 
shell) can  be  singled  out  by  coincidence  IB  spectrometry  in  cases  in 

193 

which  K capture  is  forbidden,  such  as  Pt.  Here,  an  IB  measurement 
in  coincidence  with  those  L x rays  that 'fill  Ij^  and  vacancies  (all 
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but  and'  I*B^)  can  be  performed.  The  total  p radiation,  however, 

that  differs  strongly  in  spectral  shape  from  s radiation,  can  be  deter- 
mined by  sijbtracting.  from  the  total  IB  spectrum  measured'  at  energies 
below  2a-  the  s IB  spectrum  that  is  measured  at  higher  energies  and 
extrapolated  to  the  p IB  region-.  Alternatively,  one-  can  subtract 
the  Is  IB  spectrum-  measured  by  IB-K-x-ray  coincidences  and  corrected 
for  the  '^'10%  contribution  from  higher  s states  (Biavati  ^ al. , 1962) . 

Measiirements  of  total  IB  spectra  at  low  energies  where  p IB 

55 

dominates,  have  been  performed  on  several  nuclides,  viz. , on  Fe  by 

131  ’’ 

Biavati  et  al.  (1962),  Cs  by  Michalowicz  (1956),  Hoppes  and  Haywards 

145 

(1966) , and  Biavati  et  al.  (1962)  (Fig.  4-20)  / Sm  by  Sujkowski 
159  165 

et  al.  (1968) , and  Dy  and  Er  by  Sujkowski  al.  (1965) . Rela- 
tive intensities  of  p radiation  and  s radiation  were  determined  for 
^^^Sm,  ^^^Dy  and  ^^^Er.  In  all  these  e^eriments,  Nal(Ti)  detectors 
were  used.  With  scintillation  detectors,  however,  distortions  of  the 
IB  spectrum  due  to  pileup  contributions  from  K x rays  and  K-L  x-ray 

I 

sum  effects  are  difficult  to  control  in  the  vicinity  of  the  K x-ray 
energy.  For  ■the  measurement  of  p radiation,  Ge(Li)  spectrometers 
should  be  used,  preferably  with  pileup  rejectors,  and  corrections  for 
residual  pileup  should  be  considered.  Platinum-193  would  be  a good 
case  for  study. 

Of 

The  measurement  of  the  relative  intensity  ^IB  from  s and  p capttire 
represents  an  independent  method  to  determine  the  captinre  ratios; 
this  may  supplement  corresponding  x-ray  and  Auger-electron  ejqseriments . 
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4.2.3.  Analysis  of  IB  Pulse-Height  Spectra 

In  this  Section,  we  consider  methods  for  deriving  IB  energy 
spectra  dw^_(k)  or  dw  „ (k)  from  measured  pulse-height  distributions. 

For  continuous  spectra,  spectrometer  calibration  is  more  complicated 
and  analysis  more  laborious  than  for  line  spectra.  The  calibration 
procedure  must  include  determination  of  total  detector  response  over 
the  entire  range  of  energy  k and  pulse  height  E that  is  covered  by 
the  continuous  spectrum.  The  pulse-height  spectrum  dn (E)  and  the 
corresponding  photon  energy  spectrum  dw(k)  are,  in  general,  related  as 
follows : 

k 

dn(E)  = f dw(k).  . (4-80) 

o 

The  response  function  R(E,k)dE  defines  the  probability  that  a photon 
emitted  with  energy  k produces  a pulse  of  height  between  E ctnd  E+dE 
when  detected.  The  accuracy  to  which  a measured  spectrmn  dn (E)  can 
be  compared  with  a predicted  IB  spectrum  <3w^^ (k)  depends  both  on  the 
accuracy  of  R and  the  method  used  to  solve  Eg.  (4-80) . 

In  analogy  to  extensive  work  on  3 spectra,  various  methods  for 
making  response  corrections  on  continuous  y spectra  have  been  worked 
out  that  are  applicable  to  measurements  with  NaI{T£)  and  Ge(Li) 
spectrometers.  In  the  present  paper,  we  can  only  make  a few  remarks 
on  essential  features.  Electron-capture  bremsstrahlung  spectra  have 
been  subjected  successively  to  procedures  designed  to  correct  for 
resolution,  Compton  distribution,  total  efficiency,  iodine  K x-ray 
escape,  etc.  (Liden  and  Starfelt,  1954;  Lindqvist  and  Wu,  1955;  Persson 
and  Koonin,  1972).  As  an  example.  Fig,  4-22  shows  the  various 
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corrections,  applied  by  Lindgvist.  and'.  Wu  (1955)  to  the  IB  spectrutn  o£ 
37' 

/ These  procedures,  depend  very  much. on  the  peculiarities,  of  the. 

detector  arrangement  and  c^  differ  pgnsider^ly  in  accuracy.  We 
giscuss,  instead,  more  generally  .applicable  methods  based  .on  the 
applicatipn  of  complete  response,  functions. 

Determination  of  response  functions,  for  Nal  (TJj,).  and-  Ge  (£i) 
spectrometers . The  response  function  R [Eq.  (4^80)  ],,  which  varies 
strongly  with  the  type  of  spectrometer,  and'  the  measured  energy  range 
(see  e.g.  Heath,  1963)',  can  i'n  pripcipie  be  calculated  in  terras  of 
the  different  fundamental  absorption  processes  in  the  detector.  Monte- 
Carlo  calculatipns  have  been  performed',  e.g.,  by  Beattie,  and  Byrne 
(1972)  for  scintillators- and;  by  Meijpier  (1974)  for  .Ge  (Li);  spectro- 
meters. These  calculations  have  reached  a high-  level  of  accuracy-; 
their  application,  however,  is  limited  by  the  fact  that  the  true  di- 
mensions pf-  the'  detector' s sensitive  voltime  and  the-  thickness  of  dead 
zones  and  encapsulations  are  often' not  accurately  known.  In  fact, 
calculations  deviate  from  measured  response'  functions,  especially  at 
low  energies, 

All  pertinent  effects  are  correctly  taken  into  account  if  the 
response  function  is  determined  empirically  by  interpolation , starting 
from  pulse-height  spectra  produced  by  monoenergetic  y rays  of  known 
energies  and  intensities . 

For  Nal (T£ ) spe ctrome ters , numerous  peak-fitting  procedures,  have 
been  developed  (e.g. , Prescott,  1963) ; these  allow  one  to  derive  -the 
energy  lependence  of  -the  fitting  parameters.  For  -the  in-fcerpolation 
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of  Compton  distributions,  Chester  et  al.  (1963)  have  fitted  para- 
metrized analytical  curves  to  measured  spectra  and  determined  the  sets 
of  parameters  as  functions  of  the  energy  k.  Wapstra  and  Oberski 
(1963)  and  others  have  interpolated  between  calibration  spectra  that 
were  transformed  so  as  to  bring  all  Compton  edges  to  a common  value 
of  the  transformed  pulse  height.  Under  special  conditions,  e.g.  with 
large  crystals  in  close  geometry  yielding  a small  Compton- to -peak 
ratio,  it  may  suffice  to  approximate  the  Compton  distributions  by 
simple  rectangular  or  trapezoidal  shapes.  The  possibility  of  such 
simplification  has  been  demonstrated  by  Persson  and  Koonin  (1972)  for 
IB  spectra  measured  with  a 3>^3-in.  Nal  (T£)  crystal  (Fig.  4-l6)  - 

With  Ge(Li)  spectrometers,  the  correct  determination  of  peak 
areas  is  important,  whereas  the  peak  shapes  can  be  approximated  be- 
cause the  continuous  spectra  vairy  little  over  an  energy  interval  cor- 
responding to  a peak  width.  On  the  other  hand,  correct  fitting  of  the 
Compton  distribution  is  of  the  utmost  importance,  especially  for  small 
detectors,  because  the  Coiapton-to-peak  ratio  is  large.  Methods  for 
interpolating  Compton  distributions  by  fitting  parametrized  curves 
(Ribordy  and  Huber,  1970)  and  by  interpolating  transformed  calibration 
spectra  (Mutterer,  1973a,  c)  were  reported.  Both  procedures  have 
yielded  accurate  Ge (Li) -response  functions  (Fig.  4-23) - 

Correction  methods  - With  a known  response  function,  a measured 

IB  pulse-height  spectrum  dn  can  be  compared  in  either  of  two  ways  ’ 

IB 

with  a theoretical  spectrum  dw__:  (i)  the  theoretical  spectrum  can 

15 

be  converted  according  to  Eq.  (4-80)  into  a "predicted”  pulse-height 
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'.sp'ectrum  that  is  compared'^  with,  the.  measured',  spectrum  iroxaing  methoci;,,, 

■ or  ' the  raea'siire'd  purse-height  spectrum^  can  be,  converted,  into  an-  experir- 

■mentai- energy- spectrum' by- solving 'Eq.  {'4'-80)>  (unfol'ding  method)',. 

The-  f oidinq'  me-thod'  has=  been  appli'edi  most.  often>  i'n,  the-  evaluation 
7'  ■ 

of,  IB- results;  e-.g-.  for  Be.  by  Eancman'.  and=  Lebowitz  {-1971b)';  and’ - 

3-7 

Mutterer  (■I9-7-3b>,  c)‘,,  flr  by-  Anderson  and?  Wheeler  (1953’}',  Lindqvist  and' 

49.  51 

Wu  {1955')',  and'  Saraf  ('1956) , V-  by  Hayward  and  Hoppes  {'1956).-,  Cr  by- 

■ - ' 54*  • 55- 

-•  .-'H^utterer  {197'3a,,  c):,  ' Jto' by  Bancman  and;  L^owitz' (1969)’,  ,Pe  by 

ffeeder' and  Preisweirk  {19,51)',  Miichalowicz  (1953),  and- Biavati,  et  al. 

(1-962).,  ^^Cp.  by  lancman  and  Lebowi-tz  {1971-a),,  ^^^Sn  by  Phillips  and. 

165’  204 

• Hopkins,  {1962)’',  Er  by  Ryde  e^  al.  (1963a)  , and  T1  by  Lancman 

■ and -Bond  (1973) . The  folding  method  is  simplest  but  has  -the  great  dls^^ 
> advantage  that  .no  .;direct-',experimental  energy  spectrum  dw  ^ is  ob-  - 

■ .t'ained.  It  is  thus  less  ■valuable  for  a detailed  comparison  of  IB 

experiments'  with  -theory.  Furthermore,  the  inportant  method  for  deter-^ 

. mining  the  transition,  energy  E by  constructing  a Jauch  plot  of  dw 

.*  • mC  ' XB 

.. (Sec.  4.2.4)  cannot  be  applied.  Instead,  a variational  procedure  has 
often  been  used  to  determine  E„_:  dn  is  calculated  from  IB  theory 

and  -the  known  detector  response  as  a function  of  the  end-point  energy 
,q',  and  q is  varied  to  give  the  best  fit  -to  the  measured  spectrum 
(Fig.  4-2^) . To  obtain  experimental  results  for  the  IB  yield  as  well 

■ as  E , both  a constant  factor  and  q have  often  been  varied'  in  fitting 
calcula-ted  to  experimental  IB  pulse-height  spectra  (e.g.,  Lancman  and 
Lebowitz,  1969,  1971a,  b) . Experimental  results  on  the  IB  yield 
obtained  .by  this  method  evidently  imply  theoretical  assumptions  on  the 
spectral  shape. 


229 


©IS  unfolding  method  is  consequently  to  be  preferred.  Various 

the 

procedures  have  been  reported  in ^literature.  The  solution  of  Eg.  (4-80) 

by  matrix  inversion  usually  has  to  be  limited  -to  small  matrices.  This 

difficulty  can  be  overcome  by  iterative  methods,  such  as  the  correction- 

factor  method  of  Scofield  (1963)  and  the  Gauss-Seidel  method  (e.g., 

Zurmuhl,  1965).  Both  of  these  methods,  which  also  have  often  been 

used  for  unfolding  measured  3 spectra,  normally  lead  to  quite  rapid 

convergence  if  the  diagonal  elements  (E=k)  in  the  response  function 

dominate.  Ribordy  and  Huber  (1970)  have  compared  different  interative 

51 

methods  for  unfolding  the  IB  spectrum  of  Cr  and  find  comparable 

?3e  and 

results.  The  Gauss-Seidel  method  was  applied  to  the^  Cr  IB  spectra 
by  Mutterer  (1973a, /^c),  who  found  rapid  convergence  of  the  iteration, 
provided  that  the  response  fiinotion  was  renormalized  to  unit  peak 
areas « These  unfolding  techniques  performed  with  the  aid  of  modern 
• computers  have  yielded  accurate  response  corrections  for  bremsstrahlung 
.spectra;  It  should  be  noted,  however,  that  some  problems  remain  con- 
cerning the  propagation  of  statistical  experimental  errors  (Weise, 

1968) . 


4.2.4.  Determination  of  Electron-Capture  Transition 
Energies  from  Measured  IB  Spectra 


The  determination  of  IB  endpoint  energies  is  of  particular 
interest  because  it  provides  a direct  method  for  measuring  EC  transi- 
tion energies  E eind  the  corresponding  isobaric  atomic  mass  dif- 
SC 

ferences  The  endpoint  of  an  IB  spectrum  is  equal  to  the  energy 

SC 

q of  the  neutrino  emitted  during  ordinary  (nonradiative)  electron 
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capture  and,  eonseguently,  the  -transition  energy  is  obtained  'by  adding 

to  the  endpoint  -ene.rgy  the  atomic  binding  -energy  (in  'the  daughter 

atom)  of  the  shell  from  which  capttire  has  occurred  (Rubinson,,  1971’) . 

Transition  energies  bave  been  -determined  in  most  -IB  ejgjeriments . 

In  Tables  4. 6 and  4„8,  E__  results  are  listed  which  were  obtained  from 

£C 

measurements  of  total  and  Is  IB  -spectra.  Tables  4.6  and  -4.8  also 

contain  B values  deduced  from  the  atomic-mass  compilation  -of  wapstra 
'EC 

and  Gove  (1971).  With  few  exceptions  ( Sn,  I,  Hg  and  Tl) , 
the  IB  data  are  in  fair  agreement  with  the  atomic-mass  differences. 

It  should,  however,  be  noted  that  the  two  sets  of  data  are  not 
independent.  Wapstra  .and  Gove  (1971)  have  considered  part  of  the 
listed  IB  data  in  assigning  the  isobaric  mass  differences,  supple- 
menting data  -from  nuclear  reaction  thresholds  and  electron-capture 
ratios.  Especially  in  the  medium  and  high-Z  region  (e.g., 

Cd,  Sb,  Cs,  Sm  and  W) , the  listed  E values  from  IB 
experiments  appear,  with  slight  changes,  also  in  the  atomic  mass 

I 

tables. 

Because  of  the  great  importance  of  accurate  mass  differences, 
some  comments  on  the  determination  of  IB  endpoint  energies  are  in 
order.  Many  electron-capture  transition  energies  listed  in  Tables  4.6 
and  4. 8 originate  from  early  experiments  and  are  of  low  accuracy. 

These  measurements  could  be  much  improved  with  modern  techniques.  The 
overall  accuracy  of  E , however,  depends  also  upon  the  theoretical 
model  which  is  used  to  extract  the  IB  endpoint  energy  q from  a mea- 
sured IB  spectrum.  This  dependence  on  theory  is  most  obvious  in  E 
determinations  based  on  the  fitting  of  calculated  spectra  to  measured 
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ones,  with  q as  the  fitting  parameter  (Sec.  4.2.3) . That  different 

theoretical  assumptions  in  this  procedure  can  yield  quite  different 

values  of  was  demonstrated  by  Lancman  and  Bond  (1973)  in  the  case 

204 

of  the  first  forbidden  unique  EC  decay  of  Tl:  fitting  procedures 

with  different  allowed  IB  shapes  yielded  E values  that  differ  by 

25  keV.  Shape  functions  from  theories  for  forbidden  transitions  were, 

however,  not  considered.  Berenyi  et  al.  (1976)  studied  the  variation 

59  -59 

of  E of  Ni,  obtained  from  an  accurately  measured  Ni  IB  spectrum, 
EC 

by  fitting  spectra  calculated  from  different  theoretical  approaches  to 

forbidden  radiative  capture;  they  found  differences  of  a few  keV. 

Most  e;q>erimentaX  transition-energy  determinations  from  (unfolded) 

IB  spectra  dw  (or  dw  •)  have  been  made  by  linearizing  the  spectra  in 
IB  Is 

a way  that  resembles  the  construction  of  Kurie  plots  for  g spectra. 

The  procedure  for  constructing  such  a Jauch  plot  (Jauch,  1951;  Bell 
et  al. , 1952)  is  based  on  the  elementary  shape  of  the  Is  IB  spectzrum 
(Eq.  4-17)  as  predicted  by  the  early  Coulomb-free  theory  of  Morrison 

and  Schiff  (1940) . A linear  plot  is  obtained  by  converting  a measured 

■ ^ 

spectrum  dw^^  into  Jauch  coordinates  by  plotting  (dw^^/k)  y^.  k. 

Because  of  the  predicted  proportionality 

(dWis/k)^  “ ^ 

the  intercept  with  the  k-axis  occurs  at  accuracy  of  this 

procedure  evidently  depends  on  how  closely  the  investigated  spectrum 
is  approximated  by  the  Morrison-Schiff-  theory.  For  a strictly  correct 
linearization,  various  corrections  to  the  spectrum  must  be  considered 
which  appear  in  the  modern  theory  for  allowed  decays  (Sec.  4.1.2)  and 
for  forbidden  decays  (Sec.  4.1.4). 


232 


The  Is  IB  spectrum  from  allowed -and  first- forbidden  nonunique 
decays  can  be- linearized  more  strictly  on  the  basis  of  the  relation 


;dw, 

-Is  ,. 


kR'  . .(k)- 
. is- 


(4t82) 


The  Is  IB  shape  function  corrects  for  relativistic  and  Coulomb 

ef'fects;-  it  can  be'  calculated  exactly  from  E<j.  (4-44) . -This  shape 

function-  is  displayed  in-  Fig.  4-3  for-  various  atomic  numbers.  The. 

influence  of  R^^^  on  the- determinatioh  been -studied' by  ' 

Zylicz  et  al.  (1963)-  in  the  ca'se  of  -the  ^^^Er  IB  spectrum  (Pig.  4-$  ) . 

"It-  was  found  -that  a Jauch  plot  according  to  the  relation  (4~82)  yields 

an  endpoint  energy  that  differs  by  3 keV  from  that  obtained -with  a 

simple  plot  based  on. the  proportionality  (4-81).  In  this ' analysis , • ' 

however,  an  approximate  result  for  the  relativistic  shape  factor  ^j-g- 

- ' 165  ^ ■ 

was  used,  as  derived  by- Martin  and  Glauber  (1958).  .For  Er  (Z=68)' 

and  in  the  measure.d  energy  range,  150  .k'eV  - k ^ SpO-'keV.,  -the  approximate 

function  deviates  considerably  from-  the-  exact  function-  R (Fig.  4-4),/. 

* 

-.so  that  a greater  effect  of  R^^  on  is  expected.,  Larger  differences 

are  also  expected  in  the  case,  of  IB  spectra  that  cover. wider,  energy 

interval’s  -and  are  not  measured  as  close  to  the  endpoint. 

In  order  to  determine-  Is  IB  endpoint  energies- from  measured-  total 

IB  spectra  dw  -,  a correction  must,  be  applied  for  -the  -higher-shell, 

XB  - ' * ' 

components  which  have,  endpoints  larger  than  In  "the  energy 

range  correction  can  be  written 


nl 


(4-83) 
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this  leads  to  an  additional  energy-dependent  correction  f (k)  in  the 
Jauch  coordinate: 

k - qig.  (4-84) 

The  k-dependence  of  f (k)  is  complicated  because  it  generally  contains 

2 

the  higher-shell  shape  functions  R and  0 (Tables  4.2  and  4.3)  as 
^ ns  ~np 

well  as  corrections  for  the  different  endpoint  energies  . In  most 
practical  cases,  however,  only  higher-shell  s radiation  is  important 
at  higher  energies.  The  correction  for  the  dominant  2s  radiation  is 
adequately  taken  into  account  by 


f (k) 


(4-85) 


Here,-P  /P  is  the  L/K  electron-capture  ratio,  and  the  K x-ray  energy 
Xr  K 

k has  been  written  for  the  difference  q„  -q  . The  terra  containing 
lOC  J_S 

k constitutes  an  important  correction  for  experimental  data  that  are 
Kx 

close  to  q , within  a few  times  k . Because  this  term  implicitly  ' 
XS  Kx 

also  contains  q , the’  correction  (4-85)  can  only  be  calculated 
xs 

Iteratively. 


Equation  (4-84)  has  been  used  by  Mutterer  (1973a,  b)  in  deter- 

7 51 

mining  the  IB  endpoint  energies  of  Be  and  Cr,  with  fimctions 
calculated  from  Martin  and  Glauber's  theory,  setting  R^^  = R^^  = 1- 
In  total  IB  spectra  that  accompany  low-energy  transitions  be- 


tween high-Z  nuclei,  p radiation  dominates;  a correction  function 

2 

f(k)  can  be  calculated  from  theory,  using  shape  functions  and  the 
corresponding  subshell  capture  ratios.  Because  p-t}^©  spectra 
deviate  considerably  from  the  Morrison-Schiff  spectrum,  it  is  expected 


Zjk 


that  a simple  Jauch  plot  according  to  Eqj  (4-81)  may  yield  quite 

193 

incorrect  results.  Consequently,  the  result  for  E of  Pt  derived 
• ■ EC 

by  Hopke  and  Naiimann  (1969)  from  both  the  L-  and  ri-capture  bremsstrahliing 

(Fig.  4—21)  by  using  Eqs  (4-81)  should  be  regarded  with  reservations. 

It  is  clear  tiiab  reliable  theoretical  calculations  are  necessai^ 

for  obtaining  accurate  E - - values  from  measured  IB  spectra.  A strong 

EC 

argument  for  the  performance  of  accurate  new  IB  e^qieriihents  is  impliSd. 

Measurements  oh  those  decays  for  which  accurate  E values  are 

EC 

available  from  independent  ej^erifaents  are  most  valuable  for  testing 
IB  idieories;  ' 

4-1 2 . 5 ; Ej^erimefi-tal.  Results  and  Comparison  with  Theory; 

Allowed  and  First-Forbidden.  Nominigue .Transitions 

Most  experiments  described  so  far  deal  with  allowed  EC  decays. 

They  are  to  be  compared  with  the  theory  of  Martin  and  Glauber  (1958) 
which j in  the  5 approximation,  is  ei^ected  to  apply  also  for  first- 
forbidden  honuhique  decays. 

N in  most  experiments,  only  spectral  shapes  have  been  determined. 

The'  results,  of  varying  accuracy,  generally  agree  with  theory.  This 

agreement  is  found  both  for  total  IB  spectra  (experiments  listed  in 

Table  4i6)  with  dominating  s-  and  p-type  radiation  arid  for  Is  IB 

spectra  singled  oiit  by  IB-K-x-ray' coincidences  (Table  4.8).  The 

situation  is  illustrated  in  Figs.  4-l5,  4-26,  and  4-27  for  the  s IB 
■ 51  49.  - 55 

spectra  of  Cr,  V,  and  Fe,  which  cover  different  energy  ranges. 

■Figure  4-20  contains,  a comparison  wi-th  theory  of  the  Is  IB  spectrum 
131 

of  Cs  and  of  the  total  IB  spectrum  which  in  this  case  covers  an 
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energy  range  below  aZ,  so  that  p radiation  dominates.  Measured  s IB 
spectra  (including  Is  IB  spectra)  however,  are  generally  not  suf- 
ficiently accurate  to  reveal  the  weak  energy  dependence  of  the  pre- 
dicted IB  shape  factors  (mainly  • "Kie  measured  IB  shapes  can 

therefore  not  be  used  to  distinguish  between  the  theory  of  Martin 
and  Glauber  and  the  pioneering  work  of  MjzJller  (1937a)  and  Morrison  and 
Schiff  (1940) . It  is  seen  from  Fig.  4-3  that  R depends  on  the  energy 

> XS 

k quite  differently  for  different  atomic  numbers  and  in  different 

energy  regions.  The  most  precise  measurement  of  an  allowed  IB  shape 

55 

was  performed  by  Ber&iyi  et  al.  (1965b)  on  Fe.  In  Fig.  4-27/  their 
result  is  displayed  in  terms  of  the  effective  shape  factor 
defined  by 

Rgff(k)  - dw^g(k)/[k(q^g  - k)^].  (4-86) 

The  function  is  equal  to  multiplied  by  the  correction  func- 

tion f (k)  for  higher-shell  contributions  [Eq.  (4-85) ] . The  accuracy 
of  the  e3q>eriment  of  Berenyi  et  al.  (1965b)  is  comparable  with  the 
accuracy  attainable  in  determinations  of  8 shape  factors.  The  con- 
stancy of  within  1%,  found  in  this  measurement,  can  also  be 

compared  in  this  special  case  with  the  Martin-Glauher  theory.  It  is 
seen  from  Fig.  4-3  that,  for  Z=26,  the  theoretical  Is  shape  factor 

the 

has  a flat  maximum  between  100  and  218  keV,  ^ range  covered  by  the 
55 

Fe  experiment.  To  reveal  the  dependence  of  on  k,  accurate 

shape  measurements  below  'uloo  keV  and  on  transitions  of  high  energy 
37  49 

(e-g.  Ar  and  V)  should  be  performed. 

Only  in  a few  eaperiments  has  the  IB  intensity  been  measured  in 
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addition  to  the  shape.  Some  of  the  data  on  normalized  IB  spectra  have 
been  compiled  and  compared  with  theory  by  Bouchez  and  Depommier  (1965), 
Kadar  elt  al.  (1970) , Lancman  and  Lebowitz  (1971a) , Vanderleeden  et  al.- 
(1971) , Kadar  (1971) , Koonin  and  Persson  (1972) , and  Mutterer  (1973c) . 
Conclusions  from  these  summaries  were  partly  inconsistent,  depending 
on  whether  or  hot  theoretical  values  were  recalculated  and  which 
values  for  the  transition  energies  were  inserted.  Here  we  there- 
fore  compare  e:iq>erimental  results  with  consistently  calculated 
theoretical  values. 

The  selected  experimental  data  on  normalized  IB  spectra  from 

allowed  and  first  forbidden  nonunique  decays  are  compiled  in  Table 

4.9.  These  data  represent  integral  values  I (k  ,k  ) of  normalized 

spectra  dw  , measured,  between  energy  limits and  k The  upper 
XH  X 2 

limits  k^  are  always  equal  to  or  slightly  below  the  endpoint  energies 

q.  We  did  not  consider  data  for  which  k^  and  k^  were  not  specified, 

as  in  measurements  on  by 

Cohen  and  Ofer  (1955),  Ofer  and  Wiener, (1957),  Murty  and  Jnanananda 

(1957),  and  Ribordy  and  Huber  (1970).  In  the  these  ejqgeriments , 

the  Y branching  ratio  in  ^^Cr  was  determined  by  comparing  IB  and  y 

51 

intensities.  We  also  have  omitted  results  on  Cr  reported  by 

Vanderleeden  ^ al.  (1971)  and  Kuphal  ^ (1973) , which  were 

deduced  from  measurements  of  circularly  polarized  bremsstrahlung, 

because  the  measured  energy  range  could  not  be  inferred  clearly.  It 

is  to  be  noted  that  experimental  I values  obtained  from  measured  IB 

XB  ' 

pulse-height  spectra  through  the  folding  method  (Sec.  4.2.3)  also  do 
not  exactly  represent  the  IB  intensity  within  stated  limits,  but 
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rather  constitute  ratios  of  counting  rates  between  corresponding 

limits  and  E^.  These  values  are  included  in  the  comparison,  but 

are  specially  identified  in  Table  4.9.  In  this  Table,  we  distinguish 

between  values  for  Is  IB  intensities  I,  and  intensities  of  total  IB 

is 

spectra,  measured  relative  to  the  ordinary  K or  total  EC  rates. 

The  experimental  values  listed  in  Table  4, 9 are  compared  with 
predictions  according  to  different  approaches  to  the  theory  of  allowed 
radiative  capture.  Predictions  for  Is  IB  intensities  (which  dominate 
as  well  in  most  of  the  listed  total  spectra)  have  been  calculated  from 
the  Coulomb-free  theory  of  Morrison  and  Schiff  (MS)  (1940)  and  from 
the  theory  of  Martin  and  Glauber  (MG)  (1958) . Results  are  listed  from 
both  the  (analytical)  low-energy  approximation  of  Eg.  (4-38)  (MG) 
and  the  (numerically  calculated)  exact  solution  [^Eq-  (4-44)  ]}as  de- 
rived by  Intemann  (Int)  (1971) . The  higher-shell  contributions  were 
consistently  calculated  from  the  approximate  relativistic  Martin- 
Glauber  theory  (Glauber  and  Martin,  1956)  with  screening  corrections 
of  Fig»  4-7*  We  consistently  used  transition  energies  derived 
from  the  atomic  mass  compilation  of  Wapstra  and  Gove  (1971)  and,  for 
EC  decays  to  exited  states,  from  Y energies  as  evaluated  by  Meixner 

Energies  q.n)i  were  calculated  from  atomic  binding  energies  (Bearden  and 
(1971)^.  The  only  exception  is  Hg,  where  the  value  of  338±20  Burr  1 196?) 

keV  derived  from  the' mass  table  (which  originates  from  a P^o)„  mea- 

surement  by  DeWit  and  Wapstra,  1965)  falls  completely  outside  of  the 

range  of  the  measured  IB  spectrum,  uncertainties  in  the  calculated 

intensities  which  are  due  to  the  stated  errors  in  the  energy  E were 

estimated  from  -the  Coulomb-free  theoiy  by  differentiating  Eg.  (4-16) 

with  respect  to  These  uncertainties  were  found  to  be  generally 
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.71  l-3i  145  165 

fbelow  i%,  except  for  Ge,  Cs,  Sin  and  Er,  where  they  lie  be- 
tween 2%  and  7%,  and  for  where  it  is  U-Ofo, 

In  "Figs.  4-28  to  4- 30 1 ratios  p of  experimental  and  theoretical 

E/T 

bremsstrahlung  intensities  -are  plotted  as  a function  of  ratomic  number. 
We  have  included  only  data  which  pertain  predominantly  to  s radiation. 
The  indicated  error  bars  correspond  to  the  sum  of  experimental  and 
theoretical  errors. 

In  Table  4.10,  unweighted  average  values  <p  > of  independent 
measurements  are  listed. 

The  summary  of  ejgierimental  ahd  theoretical  IB  intensities  proves 
the  advantage  of  the  theory  of  Martin  and  Glauber  over  the  Coulomb- 
free  approach.  The  measured  data,  although  widely  scattered,  clearly 
reveal  the  predicted,  reduction  of  the  IB  intensity,  increasing  with 
Z,  that  is  caused  by  relativistic  and  Coulomb  effects.  While  this 
lowering  of  the  intensity  is  most  obvious  in  the  heavier  nuclides 
with  it  can  also  be  noted,  on  the  average,  in  the  data  on 

lighter  nuclides  with  18s:z^32. 

The  ratios’  p^,  ^ between  measured  data  and  theoretical  intensity 

according  to  either  MG  or  Int  deviate  from  unity  by  up  to  50%;  the 

deviations  in  most  cases  are  larger  than  the  error  bars.  The  available 

data  do  not  allow  one  to  distinguish  between  the  approximate  solution 

of  MG  and  the  exact  solution  of  Int.  The  average  values  <p  > in 

E 

Table  4.10  provide  no  evidence  that  experiments  deviate  systematically 
from  the  Martin-Glauber  theory,  either  at  low  Z or  in  general, 
contrary  to  indications  in  previous  surveys  by  Lancman  and  Lebowitz 
(1971a) 'and  Vanderleeden  et  al.  (1971) . On  the  other  hand,  the 
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inconsistency  between  experimental  results  makes  it  difficult  to  assign 
a limit  within  which  the  present  theory  correctly  seems  to  describe 
the  intensity  of  bremsstrahlung. 

Inspection  of  the  experimental  data  shows  that  there  is  a special 
discrepancy  between  some  of  the  most  recent  results  obtained  by  dif- 
ferent groups  of  authors,  with  quoted  probable  errors  of  6%  to  20%. 

The  iB-y  coincidence  e:^>eriments  of  iancman  and  Lebowitz  (1969,  1971a, 

I 

7 54  57 

b)  on  Be,  Mn,  and  Co  yielded  intensities  that  fall  20%  to  50% 
below  theoretical  predictions,  whereas  similar  experiments,  performed 
with  improved  techniques  by  Persson  and  Koonin  (1972)  and  Koonin  and 

7 51  54 

Persson  (1972)-  on  Be,  Cr,  and  Mn  led  to  results  that  exceed 

theoretical  integsities  by  up  to  30%.  The  spectrometry  of  IB  and  y 
7 51 

rays  in  Be  and  Cr  by  Mutterer  (1973a,  b)  yielded  IB  intensities 
which  are  in  agreement  with  theory  to  within  ^ 8%.  This  inconsistency 
suggests  that  unknown  sources  of  systematic  errors  of  ;il0%  remain  in 
the  experimental  techniques  and  in  the  procedures  applied  for  the 
response  correction. 

Double  IB.  E3q>eriraental  evidence  for  the  simultaneous  emission 

of  two  IB  photons  during  electron  capture,  or  double  internal 

bremsstrahlung,  has  been  reported  by  Iijubicic  et  al.  (1974) . Coincl- 

37 

dences  between  two  IB  photons  from  Ar  were  measured  at  an  angle  of 
90“  to  each  other.  In  the  energy  range  from  210  to  810  keV,  the  ratio 
of  double  IB  to  single  IB  was  found  to  be  (4. 8+0. 4)  x lo  which 
is  comparable  to  the  IB/EC  rate,  as  might  be  expected.  The  only  pre- 
sently available  theoretical  results  on  double  IB  are  those  of 
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Menhardt  (1957) , which  unfortunately  are  not  applicable  to  the  experi- 
mental situation  realized  by  Ljubicic  et  al.  (1974) . 

4.2.6.  Experimental.  Results  arid  Comparison  with  Theory; 

IB,  Spectra  from  Higher-Forbidden  Decays 

Experimental  information  on  IB  spectra  that  accompany  higher- 

forbidden  transitions  is  limited  to  a few  cases  of  ground-state 

, . 4l  59  - 

transitions  by  EC  alone  ( Ca  and  Ni)  or  with  competing  8 branches 

(^^Cl  and  ^^*^T1) . Some  of  these  decays  have  been  measured-^extensively 

(Tables  4.6  and  4^8). 

Bremsstrahlung  from  first-forbidden  unique  transitions  has  been 
studied  with  Ca  and  ^^Tl.  The  total  IB  spectriim  from  ^^Ca  was 
measured  with  a Ge  (Li')  spectrometer  by  Myslek  ^ (1973) . The  ob- 

served shape  (Fig.  4-3 1)  is  not  in  accord  with  the  thebzry  of  Zon  and 
Rapoport  (1968)  and  Zon  (1971) . The  shape  agrees  with  theory  only  at 
low  energies,  k<250  keV;  at  higher  energies  the  spectrum  has  nearly 
allowed  shape.  Myslek  et  al.  have  also  derived  a crude  value  for  the 

IB  intensity  by  estimating  the  K capture  rate  from  the  weight  of  the 

- -4 

source.  A value  of  3.9xlo  IB  photons  between  90  and  421.5  keV  per 

EC  event  was  found,  much  in  excess  of  theoretical  predictions.  For 

forbidden  transitions^  theory  in  the  Coulomb-free  approach  of  Eq.  (4-79) 

-5 

leads  to  an  upper  limit  of  5.7x10  IB  photons  per  decay.  The  low-Z 

-5 

expansion  of  Zon  and  Rapoport  (1968)  results  in  a value  of  3.3x10 

photons  and  more  detailed  calculations  of  Zon  (1973)  have  yielded 
-5 

4.9x10  photons  per  EC  transition. 

204  , 

On  Tl,  several  IB-K-x-ray  coincidence  experiments  have  been 
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performed  to  measure  the  Is  IB  spectrum  that  accompanies  the  2,1% 

204 

EC  branch  to  the  ground  state  of  Hg.  Severe  doubts  exist  regarding 

the  reliability  of  early  experiments  by  Der  Mateosian  and  Smith  (1952) , 

Jung  and  Pool  (1956),  and  Biavati  e^  ai . (1962),  because  no  corrections 

- 204 

for  the  bremsstrahlung  from  the  97.9%  g branch  to  Pb  were  applied. 

It  was  first  pointed  out  by  Goudsmit  et  al,  (1966)  and  established  by 

a recent  experiment  of  Lancman  and  Bond  (1973)  that  scattering  effects 

due  to  the  g bremsstrahlimg  and  double-IB  emission  can  cause  a 

continuous  spectrum  that  closely  resembles  the  IB  spectrum  expected 

from  the  weaJc  EC  branch.  The  shape  of  the  IB  spectrum  measured  by 

Lancman  and  Bond,  taking  account  of  corrections  for  these  effects, 

agrees  well  with  the  theory  for  allowed  transitions.  Such  agreement 

is  expected  because  only  a small  energy  range  is  involved.  The 

intensity  per  K capture  was  found  to  be  2.8xlo  IB  photons  above 

103  keV.  This  result  is  to  be  compared  with  an  upper  limit'  of 
-5 

1.08x10  , from  Eg,  (4-79).  More  accurate  theoretical  results  are 

not  available.  Zon  (1973)  has  reported  only  values  for  the  shape 

factors,  and  the  2a  ej^ansion  of  Zon  and  Rapoport  (1968)  is  not 
204 

applicable  for  Tl,  because  the  entire  IB  spectrimi  lies  in  the 
region  of  -the  K binding  energy. 

Bremsstrahlung  spectra  from  second-forbidden  nonunique  transitions 

were  studied  with  ^^Cl  and  ^^Ni  by  several  groups.  It  has  been  well 

36 

established  that  the  total  IB  spectrum  of  Cl  closely  follows  an 
allowed  shape  at  energies  above  600  keV.  This  observation  agrees 
with  ■the  calculation  of  Zon  (1971) , which  predicts  a noticeable 
deviation  from  allowed  shape  only  at  lower  energies.  The  result  of  the 
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most  recent  IB  measurement  on  Cl  by  Smirnov  and  Batkin  (1973)  is 
shown  in  Fig.  4-32-  An  attempt  was  made  to  look  for  possible  con- 
tributions from  detour  transitions;  a clear  indication  could,  however, 
not  be  established. 

59 

In  the  case  of  Ni , a distinct  deviation  of  the  IB  spectrum  from 

allowed  shape  was  observed  already  in  an  early  measurements  by  Saraf 

(1956);  the  IB  intensity  above  100  keV  was  reported  to  be  1.4±0.4 

times  the  theoretical  value  calculated  from  the  early  theory  of 

59 

Cutkowsky  (1954) . The  shape  of  the  Ni  IB  spectrum  was  very  carefully 
measured  by  Schniorak  (1963),  who  used  3x3-in.  and  5x5-in.  Nal (Ti) 
detectors.  An  apparent  deviation  from  the  calculated  shape,  observed 
near  the  endpoint,  was  attributed  to  destructive  interference  with 
detour  transitions,  as  predicted  by  Rose  et  (1962).  Schmorak 

-3 

(1963)  estimated  the  amount  of  detour  transitions  as  between  6x10 

- -4  ’ . 

and  5xio  of  the  total  IB  intensity-  A careful  Ge(Li)  measurement  of 

the  IB’  spectrum  was  recently  performed  by  Ber4nyi  ^ (1976 ) , 

who  report  that  the  measured  shape  agrees  well  with  calculations  of 

Zon  (1971)  and'  shows  no  evidence  for  detour  transitions. 

In  most  experiments  performed  hitherto,  only  spectral  shapes  have 

been  determined  albeit  often  with  high  precision.  Without  question, 

accurate  measurements  of  normalized  spectra  would  be  of  great  value 

to  improve  our  present  knowledge  of  radiative  capture  in  forbidden  EC 

transitions.  Pertinent  EC  nuclides  are  listed  in  Table  4.7. 

4.2.7.  Experiments  on  IB  Correlation  Effects 


E;q)eriments  on  the  various  IB  correlation  effects  that  are 
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-4.1.4  to  allowed  deca5's  and 

discussed  in  SecS, 4. l.S^are  scarce.  They  are  confined^to  measuremen-ts 
of  circular  polarization  and  to  some  work  on  the  angular  distribution 
of  IB  photons  emitted  from  oriented  nuclei. 

Circular  polarization  of  internal  bremsstrahlung.  Experiments  on 
the  circular  polarization  of  the  IB  accompanying  electron  capture  are 
listed  in  Table  4.11.  Polarimeters  employed  in  these  measurements  are 
based  on  the  effect  of  spin-dependent  Compton  scattering  from  electrons 
in  magnetized  iron.  Dsually,  forward-scattering  magnets  have  been 
used,  but  in  the  most  recent  experiment  by  Kuphal  al.  (1974) , a 
specially  designed  radial-transmission  magnet  was  employed. 

The  polarization  P,  defined  by  Eq.  (4-48),  is  proportional  to  the 
relative  change  AN/H  of  the  measured  intensity  when  the  magnetic 
field  in  the  scattering  magnet  is  reversed: 

P “ An/N  = 2{N  -N  )/(N  +N  -2N  ).  (4-87) 

+ — + — o 

Here,  (N_)  is  the  counting  rate  with  the  electron  spins  in  iron 

parallel  (antiparallel)  to  the  incident-photon  momentum.  The  counting 

rate  is  due  to  background,  including  y impurities  in  the  source. 

If  nuclides  are  measured  which  emit  also  nuclear  y rays,  the  denominator 

in  Eq.  (4-87)  is  represented  by  the  counting  rate  of  the  unpolarized 

y rays.  The  measured  effect  is  then  extremely  low. 

The  polarization  of  IB  in  pxjre  ground-state  transitions  was 

37 

studied  in  early  measurements  on  Ar  by  Hartwig  and  Schopper  (1958) 

55  71 

and  Mann  et  al.  (1959),  Fe  by  PafT.enova  (1960),  and  Ge  by 

Bemardini  et  al.  (1958) . Only  recently,  IB  polarization  has  also 


been  measured  in  the  presence  of  a background  of  much  more  intense 


Y rays.  In  such  experiments  on  ^^Cr,  Vanderleeden  et  al.  (1971)  used 
a Ge(Ll)  detector,  whereas  Kuphal  et  al.  (1974)  used  a ring  of  8 
Nal(TU-)  scintillators.  In  both  experiments,  very  strong 
sources  of  up  to  500  Ci  were  employed,  and  current  integration  was 

I 

applied  instead  of  counting  techniques.  The  statistical  errors  could 
be  kept  below  10  Clearly,  the  polarimeter  efficiency  must  be 
accurately  known  to  derive  the  absolute  polarization  from  the  measured 
rate  AN/K.  This  efficiency  has  generally  been  calculated  from  basic 
assumptions.  Kuphal  ^ al.  (1974)  have  tested  their  calculation  by 
measuring  polarized  (internal  and  external)  bremsstrahlung  from 
several  3 -decaying  nuclides. 

Measurements  summarized  in  Table  4 . 11  confirm  within  errors  that 

s-type  bremsstrahlung  is  nearly  100%  right-circularly  polarized,  due  to 

the  parity-nonconserving  character  of  the  weak  interaction.  The  mea- 

37 

sured  polarization  of  IB  from  Ar  (Hartwig  and  Schopper,  1958)  is 

displayed  in  Pig.  4-3  3»  Figure  4-3 4 shows  AN/N  values  measured  for 
51 

Cr,  compared  wxth  calculations  from  theory.  The  incomplete  polariza- 

37  71 

tion  observed  in  Ar  at  low  energies  and  the  low  result  for  Ge  found 

by  Geirmanoli  et  al.  (1958)  can  qualitatively  be  explained  by  Coulomb 
effects  and  the  influence  of  unpolarized  p-type  bremsstrahlung.  Both 
effects,  which  enter  in  the  overall  polarization  function  P(k)  ac- 
cording to  Eq.  (4-52),  reduce  the  polarization  at  low  energies.  A 

noticeable  reduction  of  P is  not  expected,  however,  in  the  high- 

51 

energy  bremstrahlung  from  Cr;  the  low  value  of  0.67±0,07  found  by 
Vanderleeden  et  al.  (1971)  can  probably  be  attributed  to  an  erroneous 
calculation  of  the  polarimeter  efficiency,  in  view  of  the  work  of 
Kuphal  ^ al.  (1974) , 
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Angular  distribution  of  IB  emitted  from  oriented  nuclei.  Anisotropy 
of  IB  emitted  from  oriented  nuclei  has  been  observed  only  once.  Brewer 
and  Shirley  (1968)  studied  the  forward-backward  asymmetry  of  IB  from 
oriented  ^^^Sb.  Carrier-free  ^^^Sb  had  been  implanted  in  an  iron 
lattice/  cooled  to  '\'0.02°K,  and  magnetized  in  a field  of  2.3  kOe. 

The  IB  radiation  was  measured  with  two  3x3-in.  Nal (TA)  detectors 
placed  at  0°  and  180“  relative  to  the  direction  of  the  magnetic  field. 
Figure  4-35  shows  the  raeasvired  asymmetry  W(tt)/W(0)  as  a function  of 
the  sample  temperature  T that  defines  the  degree  of  source  polariza- 
tion. The  measurement  of  this  ratio  for  different  energy  intervals 
has  revealed  an  unexpected  energy  dependence  of  the  asymmetry. 

The  experimental  results  oT  Brewer  and  Shirl^  have  been 
con^ared  with  theory  by  Intemann  (1971)  in  terms  of  the  overall 
asymmetry  function  A (k)  of  Eq.  (4-62).  It  was  found  that  the  measured 
decrease  of  A (k)  at  low  energies  can  be  well  explained  (Pig.  4-3  ^ . 

This  decrease  is  consistent  with  the  obseirved  decrease  of  the  'overall 
polarization,  described  above.  Other  nuclei  that  might  be  suitable 
for  measuring  IB  angular  correlations  have  been  listed  by  Koh  et  al. 
(1962). 

A preliminary  measurement  of  the  angular  correlation  between 

84 

bremsstrahlung  and  nuclear  y rays  in  the  decay  of  Rb  has  been  per- 
formed by  Chasan  and  Chandra  (1967) . The  result  was  reported  to  be 
in  approximate  agreement  with  calculations  of  Koh  ^ (1962) . The 

experimental  error,  however,  is  ''^50%  and  details  of  the  measurement 
have  not  been  fully  reported,  so  that  a detailed  comparison  with 
theory  is  not  feasible. 
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^4,2.8.  Concluding  Remarks 

The  study -of  second-order  effects,  such  as  internal  bremsstrahlung, 
is  of  particular  interest  in  electron- capture  decay  because  ej^eri- 
mental  infoinnation  on  the  primary  process  is  very  limited  because  of 
•the  -extremely  low  interaction  probability  of  the  emitted  neutrino.  The 
-main  features  of  the  low-intensity  radiative- captiire  process  are 
generally  understood  today.  There  is  still  a great  need,  however,  for 
experimental  work  to  test  the  .details  .of  the  theory.  Open  questions 
remain  concerning  the  influence  of;  screening  and  exchange  and  overlap 
effects  (Persson  and  Kbonin,  1972)  on  the  shape  and  intensity  of  IB 
spectra.  Experimental  information  is  still-  vary  scarce  on  forbidden 
decays,  where  nuclear -matrix  elements  play  an  important  role. 

Precise  measurements  of  normalized  IB  spectra  are  very  much  needed. 
The  same  holds  for  measurements  of  partial  spectra  that  accompany  the 
capture  of  electrons  from  specific  atomic  subshells.  Experimental 
techniques  have  been  developed  to  -high  accuracy  in  recent  years.  This 
applies  especially  to  tte  determination  of  electron-capture  rates, 
to  coincidence  ejq>eriments  with  bremsstrahlung,  and  to  calibration 
procedures  for  y spectrometers  which  yield  complete  response  fmctions. 
It  can  be  ejqiected  that  it  will  be  possible  to  measure  normalized  IB 
spectra  in  the  near  future  wi-th  an  overall  accuracy  of  a few  percent, 
at  least  in  some  favorable  decays  such  as  pure  ground-state  -transi- 
tions. As  pointed  out  before,  precise  experiments  are  also  very 
valuable  for  providing  accurate  isobaric  atomic-mass  differences, 
supplementary  data  on  subshell  capture  ratios,  and  spectroscopic 
information  on  branching  ratios.  In  this  context,  refined  computa- 
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tions  of  higher-shell  IB  spectra,  based  on  the  present  theory,  would 
be  of  interest. 

The  variety  of  IB  correlation  effects,  discussed  in  secs, 4. 1.3  -4,1,4 
opens  another  wide  field  for  future  experimental  work,  from  which 
valuable  Information  on  the  weak  interaction  and  nuclear  structure 
can  be  ei^ected.  Bremsstrahlung  measurements  may  also  help  to  solve 
some  specific  problems  of  radionuclide  metrology  {Spernol  et  £l. , 

1973;  Mutterer,.  1973c) , such  as  the  (relative  and  absolute)  determina- 
tion of  disintegration  rates  of  pure  EC  nuclides. 
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5.  ATOMIC  TRaNSITIONS  ACCOMPANYING  NUCLEAR 
ELECTRON  CAPTURE 


5.1.  Introductio 

In  first  approximation,  the  probability  of  allowed  captxire  of  a 
K electron  by  the  nucleus  is 


where  G is  the  3-decay  coupling  constant,  q is  the  energy  of  the 


(5-1) 


emitted  neutrino,  5 the  appropriate  combination  of  nuclear  matrix 
(K  2) 

elements,  and  ' (0)  is  the  Is-electron  wave  function,  evaluated 

at  the  origin  (Sec-  2) . The  only  electron  wave  function  contained  in 
this  formulation  is  that  of  the  electron  which  is  destroyed-  Two 
significant  aspects  of  the  problem  are  neglected  in  Eg,  (5-1) : (1) 

the  indistinguishability  of  electrons,  and  (2)  the  nuclear  charge 
change  by  one  unit,  which  entails  that  parent  and  daughter  atomic 
wave  fxmctions  are  eigenftznctions  of  different  Hamiltonians - 

The  importance  of  treating  g decay  and  nuclear  electron  capture 
as  transformations  of  the  whole  atom,  and  hence,  of  including  atomic 
-variables  in  the  description  of  initial  and  final  states,  was  first 
emphasized  by  Benoist-Gueutal  (1950,  1953a,  b),  pursued  by  Odiot  and 
Daudel  (1956) , and  comprehensively  formulated  by  Bahcall  (1962^  1963a, 
b) - In  fact,  an  infinite  number  of  final  atomic  states,  including 
continuum  states,  contribute  to  any  given  electron-capture  probability. 
The  effect  on  transition  rates  is  discussed  in  Sec.  2.  In  the  present 
section,  we  consider  observable  atomic  effects  that  result  during 
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nuclear  decay  by  electron  capture.  Atomic  rearrangements  that  take 
place  after  the  decay  process  are  not  included  in  this  discussion, 
even  though  x rays  emitted  in  the  course  of  such  rearrangements  have 
led  to  the  discovery  of  the  process  (Alvarez,  1937,  1938a,  b)  and 
constitute  the  most  readily  detectable  signals  indicating  that 
capture  has  taken  place.  Details  of  the  rearrangement  process  have 
been  surveyed  by  Rao  ^ al.  (1972)  and  Bambynek  et  al.  (1972).  Here, 
we  consider  atomic  transitions  that  take  place  the  course  of  the 
electron-capture  decay  process,  due  to  imperfect  overlap  between 
parent  and  daughter  atomic  wave  functions.  This  effect  is  variously 
denoted  as  electron  shakeup  and  shakeoff,  autoionization,  or  internal 
ionization. 


5.2.  Internal  Ionization:  Nonrelativistic  Theory 

nuclear  electron  capture  is  accompanied  by  the  emission  of  low- 
intensity,  continuous  photon  and  electron  spectra.  The  intern al- 
bremsstrahlung  photon  spectsrum  emitted  during  radiative  electron 
capture  was  first  calculated  by  MjzJlier  (1937a)  and  by  Morrison  and 
Schiff  (1940) ; this  subject  is  discussed  in  Sec-  4.  The  process 
of  internal  ionization  was  first  treated  by  Primakoff  and  Porter 
(1953) , who  calculated  the  probability  of  K-electron  ejection  during 
K capture  and  derived  an  ej^ression  for  the  ejected-electron 
spectrum,  in  analogy  with  work  by  Migdal  (1941)  and  Feinberg  (1941) 
on  orbital-electron  ejection  accompanying  8-particle  emission. 

The  weak  interaction  which  is  responsible  for  nuclear  electron 
capture  is  of  very  short  range.  On  the  atomic  time  scale,  the 
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transformation  of  the  parent  nucleus  with  Z protons  into  the  daughter 

nucleus  with  atomic  number  Z'  can  be  assumed  to  be  instantaneous. 

One  can  gain  an  intuitive  feeling  for  the  mechanism  that  causes 

internal  ionization  by  considering  the  nucleus  plus  the  orbital 

vacancy  created  'by  the  capture  simply  as  the  source  of  a suddenly 

changing  Coulomb  potential,  ,A  Is  electron,  for  example,  wi-th  the 
(JC  S) 

wave  function  ' in  the  parent  atom  does  not  have  time  to 
adjust  its  wave  function  adiabatically  to  the  change  in  potential; 

•the  sudden  approximation  of  time -dependent  perturbation  theory 
applies.  The  amplitude  of  the  probability  that  the  electron  retains 
its  original  quantum  numbers  is  then  proportional  to  the  overlap  of 

its  original  wave  function  with  the  Is  wave  function  in  the  daughter 

. 25 

ion  with  one  inner  vacancy j 


P • 
remain  ‘ •' 


(5-2) 


(k  z) 

similarly,  the  overlap  of  ij)  ' with  excited-  and  continuum-state 
wave  fvinctions  in  the  potential  of 'the  daughter  ion  provides  an 
indication  of  the  probability  amplitudes  of  excitation  or  ejection 
of  the  K electron.  The  Pauli  principle  excludes  excitation  into 
occupied  orbitals,  and  conservation  of  angular  momentum  allows  only 
Ji=0  final  states  for  s-electron  shakeup  or  shakeoff. 

It  is  a gross  oversimplification,  however,  to  consider  the 
nucleus-plus-vacancy  as  a mere  source  of  an  abruptly  changing 
electrostatic  potential,  and  the  internal  excitation  and  ionization 
probabilities  as  determined  by  wave-function  overlap  alone.  In 


particular,  energy  conservation  and  -the  demands  of  quantum 
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statistics  are  not  included  unless  the  process  is  treated  as  a 
transformation  of  the  whole  atom,  and  nuclear  and  lepton  variables 
(including  those  characterizing  the  pertinent  atomic  electrons) 
are  incorporated  in  the  description  of  the  initial  and  final  states 
of  the  system.  Especially,  the  available  energy  is  shared 
statistically  between  ejected  electron  and  neutrino,  and  the  transi- 
tion probability  is  weighted  by  the  density  of  available  final 
states.  The  energy-conserving  delta  function  must  be  included  in 
the  ej^ression  for  the  transition  probability. 

Quantitatively,  the  transition  probability  can  be  ejqpressed 
in  the  sudden  perturbation  approximation  through  "Fermi ' s Golden 
Rule  No.  2."  The  general  applicability  of  this  approach  to  the 
present  problem  has  been  examined  by  Bahcall  (1963a) . The  transi- 
tion rate  for  K-electron  ejecti.on  during  K capture  is  

dw  = 2tt/  (1/2)  £ I M I ^6  (W^+1-  I I -W-q)  dqdp,  (5-3) 

where  p and  W are  the  momentum  and  total  relativistic  energy  of  the 

ejected  electron,  q is  the  neutrino  momentm  and  q its  energy, 

1-  \e'  1 is  the  total  energy  of  a K electron  in  the  daughter  atom 
K 

(with  binding  energy  E ' ) , and  W -H  vs  the  energy  difference  between 

K o 

the  parent  atom  and  the  neutral  daughter  atom  (Sec.  1.2) . The  matrix 

element  M is  discussed  belpw.  The  units  used  throughout  this  dis- 

2 'u 

cussion  are  such  that  h=m=c=l,  and  hence,  e ==a=l/137.  The  summation 
sign  in  Eq.  (5-3)  indicates  summing  over  spin  states  of  ejected 
electron  and  neutrino,  and  over  spin  states  of  the  two  initial  K 
electrons.  One  must  also  sum  over  final  nuclear"  spin  states  and 
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2 

average  over  initial  nuclear  spin  states.  Because  is 

independent  of  >q,  the  integration  over  all  possible  neutrino  momenta 

.26 

can  be  carried  out  at  this  stage.  ’The  result,  after  performing  the 
■spin  (Summations , is 


dw  = i6ir^,(w^+i-;|f:^l|-wj^p>^.dp5:il'M'I^  '(5-4) 

(Intemann,  1972)'. 

In  a representation  in  which  the  interaction  Hamiltonian 
consists  of  the  3 interaction  H„  alone,  the  matrix  element  for 

p 

K-electron  ejection  during  K capture  can  be  written  


M 


U' 


H, 


I'Vi, 


(5-5) 


Here,  and  are  the  final  and-  initial  nuclear  wa^  functions, 

N N 

respectively,  and  is  the  neutrino  wave  function.  The  wave  func- 

tions  of  the  leptons  that  participate  in  the  3 interaction  have  been 

replaced  by  their  values  at  the  origin.  It  is  assmed  that  all  but 

the  two  K electrons  retain  their  original  quantum  numbers,  and  that 

their  initial  and  final  wave  functions  overlap  perfectly.  The 

exchange  operator  exchanges  the  two  K electrons. 

The  main  difficulty  in  ej^licitly  writing  out  the  matrix  element 

(5-5)  resides  in  escpressing  the  initial-state  two-electron  wave 
(K  Z) 

function  , including  correlation  effects  between  the  two 

electrons.  Priraakoff  and  Porter  (1953) , in  their  classic  calculation, 
used  an  approximate  wave  function  of  the  form 


*^1,2 


(K,Z) , , (K,2) , ,,  (K,Z) , , 

(r^,r2)  ==  Nifi^  ^^2^® 


“■^1^12e“^2^V^2^ 


(5-6) 
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where  and  are  hydrogenic  Is  wave  functions,  and  N is  chosen  to 

assure  normalization.  The  factor  e takes  account  of  the 

effect  of  the  electron-electron  Coulomb  interaction  on  their  spatial 

a-Yj  (ri+ro) 

correlation,  and  the  factor  e accounts  for  screening  of 

the  nucleus,  effectively  replacing  Z by  Z-Y2  in  and 

parameters  y.  and  y.  were  chosen  so  that  ip,  „ is  a good  approximation 
1 2 12  ' 

to  the  Hylleraas  variational  wave  function  for  a two-electron  atom. 

(co  2 ' ) 

With  a Coulomb  wave  function  ip  ' to  describe  the  ejected  electron 
and  a plane  wave  to  describe  the  neutrino,  the  matrix  element  (5-5) , 
and  hence,  the  transition  rate  (5-3).  were  computed.  Dividing  by 
the  transition  rate  w for  ordinary  allowed  K capture,  Primakoff 
and  Porter  derived  an  expression  for  the  probability,  per  K-capture 
event,  for  ejection  of  the  other  K electron  with  a momentum  in  the 
range  dp.  This  result  can  be  written 


Again,  W and  the  K-electron  binding  energy  E’  are  in  units  of  me  , 
O K 


the  ejected-electron  momentum  p is  in  multiples  of  me,  and  C stands 


for  az.  We  have  neglected  Yj^+y^-O.S  and  unity  compared  with  Z in  the 

final  result,  and  have  set  3=p,  i.e. , W^lil  for  the  ejected  electrons, 

2 

whose  kinetic  energy  is  generally  very  much  smaller  than  me  . As 


before  ,1+W  =AW  ,-A(SE  )+l  is  the  mass  difference  between  parent 
o nucl  X 

and  daughter  neutral  atoms ! nuclear  energy  release, 

and  A(XE^)  is  the  change  in  the  total  electronic  binding  energy 
between  parent  and  daughter  atoms — a positive  quantity  in  electron 


capture  (Sec.  1.2). 
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A very  different  method  for  constructing  the  initial  two- 
electron  wave  function  was  devised  by  Intemann  and  Pollock  (1967) , 
who  calculated  it  from  pertiirbation  theory.  They  treated  the 
electron-electron  interaction  as  a perturbation  on  the  nuclear 
Coulomb  Interaction,  including  it  in  the  perturbed  part  of  the 
Hamiltonian,  rather  than  in  the  unperturbed  part  as  Primakoff  and 
Porter  had  done.  In  essence,  they  performed  a perturbation  e^ansion 
on  the  exact  two-electron  wave  function,  with  the  perturbation  taken 
to  be  the  electron-electron  interaction.  With  this  approach,  the 
problem  of  K-shell  internal  ionization  during  K capture  is  one  in 
third-order  perturbation  theory,  involving  a Siam  over  intermediate 
electron  states.  Intemann  and  Pollock  found  it  possible  to  repre- 
sent this  sum  in  'closed  form  by  drawing  upon  the  analogy  between 
internal  ionization  and  intemal-bremsstrahlung  emission.  In  fact, 
the  electron-ejection  process  can  be  looked  upon  as  a radiative 
capture  process  in  which  the  emitted  photon  is  virtual,  and  is  absorbed 

I 

by  the  electron  that  is  ejected.  Ej<ploiting  this  aspect  of  the 
problem,  Intemann  and  Pollock  were  able  to  take  advantage  of  a 
crucial  observation  made  by  Glauber  and  Martin  (1956;  Martin  and 
Glauber,  1958)  in  their  development  of  the  theory  of  radiative  cap- 
ture, viz. , that  the  sum  over  intermediate  electron  states  which 
appears  in  the  calculation  is  the  Green ' s function  for  the  Dirac 
equation  with  a nuclear  Coulomb  potential  and  can  be  represented  in 
closed  form.  This  approach  made  a more  exact  analysis  of  the  inteomal- 
ionization  process  possible.  The  result  for  the  differential  transi- 
tion rate  per  K-capture  event  is 
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64a W g-(4c/p)tan  ^[p/(2i;+y)] 

ejec  , ,4r,^  . ,2  2, 2,, 

(y+C)  [(2^+y)  +p  ] (1-e 

(5-8) 

x[(l-pV2(WQ+l)]^I^dp. 


1/2 

Here,  we  have  U“[2(l-e)]  ' , where  £ is  the  intermediate-'State  energy 
2 

[in  units  of  me  ) of  the  electron  undergoing  capture:  £ s=e  -w, 

X ^ 


where  and  '**®  energies  of  the  initial  K electrons,  and  W 

is  the  energy  of  the  ejected  electron.  In  the  Intemann-Pollock 

2 2 2 
treatment,  the  relation  e=l-5  -p  /2  holds,  because 

W=l+p^/2. 

The  integral  I is 


I = 1+n/x  ^ ^[1- (1-x)  (x)  ]dx, 

o 


(5-9) 


where 

~(2?/p)tan  ^[(2?+y)/p]  (2s/p)tan  ^ [ (2e/p)+y (l+x)/p (1-x) ] 

f(x)  =-^ 1 : 

, . ■ (l+Xx)  (1+cx) (l+a*x)  , 


and  the  remaining  symbols  are  defined  as  n=C/y/ 

0=  (y-2^'-ip)/(y+2£;+ip) , A=(y~5)/(p+?)  • Fortunately,  a rapidly  con- 
verging Maclaurin  series  exists  for  I: 


X r.  r f (0>  f-  1 + _J 6 

n!  [_  (n-n)  (n+l-n)  (n+2-n) 

(S-11) 

+ ^ i — _] 

(n+3-n)  (n+4-n) J 

2 

Intemann  and  Pollock  find  that,  for  Z=26,  an  error  only  of  order  Z 


results  from  breaking  the  series  off  after  the  first  three  terms. 
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The  energy  spectrum  of  electrons  ejected  from  Fe,  predicted  by 
this  more  exact  theoretical  approach,  does  not  appear  to  differ 
materially  from  that  of  Eq.  {5-7)  when  placed  on  a semi-logarithmic 
plot  (Intemann  and  Pollock,  1967).  Some  writers  have  consequently 
ass^mted  that  the  results  of  the  two  theories  are  truly  identical. 

This  is  not  the  case.  In  fact,  the  momentum  spectra  from  the  two 
approaches  differ  appreciably  on  a linear  plot;  they  have  approxi- 
mately the  same  shape,  but  the  Intemann-Pollock  spectrum  has  somewhat 
lower  intensity.  Hence  it  yields  significantly  smaller  values  for  the 
total  ejection  rate  than  the  Primafcoff -Porter  theory  (Intemann,  private 
communication) . That  the  difference  is  not  greater  appears  to  indicate 
that  Primakoff  and  Porter's  variational  wave  function  takes 
une3q>ectedly  accurate  account  of  screening  and  correlations  in  the 
initial  two-electron  state.  Improving  the  accuracy  of  the  continuum 
wave  function  to  take  screening  in  the  final  state  into  consideration 
is  only  ej^iected  to  affect  the  results  of  Eqs,  (5-7)  and  (5-8)  by 
,^5%  for  Z=26. 

The  neglect  of  relativistic  effects  inherently  limits  the 
accuracy  of  the  results  to  a relative  error  of  order  az,  even  at  the 
lowest  ejection  energies.  The  nonrelativistic  calculations  were 
pushed  to  this  limit  in  a refinement,  due  to  Intemann  (1972) , of  the 
Intemann-Pollock  approach,  which  involves  the  use  of  a more  elaborate 
Coulomb  Green  function.  This  modification  has  the  effect  of  con- 
siderably reducing  the  calculated  K ejection  probabilities 
particularly  at  high  Z,  as  compared  with  the  Intemann-Pollock  results 
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(Intemann,  1974) . The  reduction  in  the  predicted  intensity  of  the 
ejected-electron  spectrum  can  be  tinderstood - in  the  following  terms 
(Intemann,  1975) . In  all  calculations  based  on  the  Intemann-Pollock 
approach  (including  the  one  discussed  in  Sec.  5.3),  retardation 
effects  are  neglected  and  the  interaction  between  the  two  electrons 
is  taken  to  be  an  instantaneous  Coulomb  interaction,  so  that  the  ex- 
change of  only  longitudinal  and  scalar  virtual  photons  can  be  con- 
sidered. In  the  approximation  used  by  Intemann  and  Pollock  (1967) , 
only  s-wave  intermediate  states  make  a contribution  to  the  transition 
amplitude,  and  thus,  only  scalar  photon  exchange  is  taken  into 
account.  In  his  later  paper,  Intemann  (1972)  employed  the  more 
accurate  Green's  function  used  by  Glauber  and  Martin  (1956) . In  this 
more  refined  calculation,  p-wave  intermediate  states  also  contribute 
to  the  amplitude,  and  thus,  longitudinal  photon  exchange  is  also 
being  taken  into  account.  The  relative  importance  of  longitudinal 
pho'ton  exchange  is  indicated  by  the  extent  to  which  the  intensity  of 
the  electron  spectrum  is  reduced  (Fig.  5-1) . 

5.3.  Relativistic  Calculations  of  Electron  Ejection 
Both  of  the  basic  approaches  described  in  Sec.  5.2  have  bean  ' 
extended  to  include  relativistic  effects.  Intemann  (1969)  modified 
the  work  of  Intemann  and  Pollock  (1967) , using  the  solutions  of  the 
symmetric  Hamiltonian  of  Eiedenham  and  Swamy  (1964) . This  is  a 
relativistic  Hamiltonian  with  symmetry  so  that  the  radial  parts  of 
the  spinor  components  of  its  solutions  are  formally  nonrelativistic. 
The  solutions  form  a coii5)lete  canonical  basis,  and  their  close 
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correspondence  to  the  nonrelativistic  problem  leads  to  substantial 

•computational  simplifications.  The  Biedenharn  Hamiltonian  differs 

from  the  exact  Dirac-Coulomb  Hamiltonian  by  a precisely  known  fine- 

structure  term;  the  eigenfunctions  differ  from  the  exact  Dirac- 

2 

Coulomb  eigenfunctions  by  terms  of  order  (ctZ)  . 

Except  for  the  use  of  semi-relativistic  Coulomb  eigenfunctions 
in  the  overlap  integral  and  an  appropriately  modified  expression  for 
the  density  of  final  states  available  to  the  ejected  electron,  the 
calculation  of  Intemann  (1969)  follows  the  lines  of  his  earlier  work, 
i.e.,  the  interaction  between  the  two”  IC  electrons  is  treated" as  a 
perturbation  along  with  the  weak  interaction,  leading  to  an  exact 
calculation  of  the  electron  ejection  probability  without  the  need  of 
introducing  adjustable  parameters  such  as  screening  constants  or 
effective  nuclear  charges.  Even  though  relativistic  effects  partly 
cancel  the  reduction  in  that  arises  when  longitudinal  photon 

exchange  is  included,  the  ejected-electron  spectrum  calculated 
semirelativistically  by  Intemann  (1969)  is  considerably  less  intense 
than  l^at  derived  from  the  Primakoff-Porter  (1953)  approach  (Fig.  5-2) . 

An  independent  relativistic  calculation  of  auto-ionization  in 
electron-capture  decay  was  performed  by  Law  and  Campbell  (1973b) , in 
terms  of  second-quantization  formalism  and  in  analogy  with  extensive 

work  by  the  same  authors  on  internal  ionization  accompanying  3 decay 

% 

(Campbell  et  i 1971;  Campbell  and  Law,  1972;  Law  and 

Campbell,  1972a,  1972b,  1973a).  It  was,  however,  shown  by  Intemann 
(1974)  that  the  model  of  Law  and  Campbell  (1973b)  is  actually 
identical  with  that  of  Intemann  and  Pollock  (1967)  and  Intemann 
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(1969),  and  that  the  large  difference  in  the  results  can  be  traced  to 
the  fact  that  Law  and  Campbell  cut  off  the  eigenfunction  e^^ansion 
for  the  Coulomb  Green  function  too  soon.  Law  and  Campbell  approxi- 
mated the  infinite  series  by  a few  terms  because  it  appeared  to  con- 
verge rapidly;  Intemann  (1974) , drawing  upon  an  analogous  calculation 
by  Paquette  (1962) , pointed  out  that  the  sum  over  discrete  eigenstates 
in  the  Green  function  expansion  does  indeed  converge  rapidly,  but 
that  continuum  states  make  a large  contribution  that  cannot  be 
neglected. 

The  (historically  older)  alternative  to  the  Intemann  approach 
for  the  calculation  of  internal  ionization  is  the  "overlap"  ansatz , 
used  in  the  pioneering  work  of  Primakoff  and  Porter  (1953) . As 
indicated  in  Sec.  5.2,  in  this  method  one  attempts  to  take  account 
of  all  screening  and  correlation  effects  in  the  initial  two-electron 
wave  function  by  an  adjustable  parameter,  viz. ; the  effective  nuclear 
charge.  The  calculations  are  simplified  considerably,  but  it  is 
difficult  to  make  a choice  of  the  key  parameter,  and  some  arbitrariness 
is  bound  to  remain.  Moreover,  the  near-orthogonality  of  the  wave 
functions  makes  the  overlap  integral  very  sensitive  to  the  exact 
form  of  the  wave  functions  and  to  the  values  chosen  for  the  effective 
charges.  Thus,  the  accuracy  of  the  results  cannot  be  established 
a priori,  as  in  the  Intemann  approach;  on  the  other  hand,  the  overlap 
method  does  not  rely  on  the  condition  2>>1,  and  hence,  may  be 
superior  for  very  light  elements. 

The  most  recent  and  complete  calculation  based  on  the  "overlap" 
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method  is  due  to  Mukoyama  et  al.  (1973) . In  their  formulation, 
Mukoyama  et  al.  draw  upon  the  work  of  Stephas  (1969) , who  had  employed 
an  atomic  matrix  element  calculated  from  analytic  hydrogenic  rela- 
tivistic wave  functions  for  the  purpose  of  studying  internal  ioniza- 
tion accompanying  3 decay  (Stephas  and  Crasemann,  1967,  1971; 

Crasemann  and  Stephas,  1969) . However,  in  their  evaluation  of  the 
wave-function  overlap  integral,  Stephas  and  Crasemann  (1967)  made  an 
approximation  that  causes  their  expression  to  diverge  at  low  electron 
momenta,  where  most  electrons  are  ejected;  thus,  the  result  cannot 
meaningfully  be  integrated  to  coapute  total  electron-ejection  proba- 
bilities (Isozumi  and  Shimizu,  1971;  Kitahara  e_t  « 

1972;  Nagy  ^ al , » 1972).  Mord  (1972,  1973)  and, 

independently,  Mukoyama  ^ al.  (1973)  have  calculated  the  atomic 
matrix  element  by  alternative  techniques  and  derived  a result  that  is 
exact,  within  the  limitations  stated  above;  it  agrees  in  the  non- 
relativistic  limit  with  the  formulae  of  Primakoff  and  Porter  (1953) 
and  Stephas  and  Crasemann  (1971) . 

Hie  screening  constants  cr  that  determine  the  effective  nuclear 
charge  = Z - c,  to  take  account  of  electron-electron  interaction, 

are  determined  by  Mukoyama  ^ (1973)  in  the  following  manner. 

In  the  parent  atom,  they  take 

where  r„  is  the  mean  value  of  r determined  from  the  relativistic 

z 

hydrogenic  wave  fimctions,  and  r „ is  r from  relativistic  self- 

bCr 

consistent  field  wave  functions,  as  computed  by  Carlson  e;t  al.  (1970). 
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For  the  continuiim  electron,  Mukoyama  al.  use  the  same  screening 
constant  as  for  the  bound  electron  to  be  ejected.  They  take  account 
of  the  fact  that  a vacancy  resulting  from  electron  capture  is  present 
in  the  daughter  atom  by  reducing  a from  Eq.  (5-12)  by  the  ratio  of 
the  appropriate  Slater  screening  constant  for  an  atom  that  is 
ionized  in  an  inner  shell  to  that  for  a neutral  atom  {Slater,  1930). 

The  total  K-electron  ejection  probabilities  per  K capture, 
calculated  by  Mukoyama  al.  (1973) , agree  with  those  of  Intemann 
(1969,  1974)  as  well  as  could  be  expected,  given  the  uncertainties 
in  the  choice  of  screening  parameters  (Table  5.1). 

Excitation  to  a bound  state  C.'shakeup")  of  the  second  K 
electron,  while  the  first  one  is  captvired,  has  also  been  computed 
by  Mukoyama  ^ al.  (1973) . Such  calculations  are  inportant  for 
comparison  with  essperiments , in  which  double  K x-ray  emission  is 
measured.  The  main  difficulty  here  is  to  make  adequate  provision 
for  omitting  occupied  final  states  to  which  shakeup  is  forbidden  by 
the  Pauli  principle.  Mukoyama  et  al.  (1973)  find  that  the  proba- 
bility for  double  K-vacancy  production  (including  excitation) , just 
as  the  K electron-ejection  probability,  is  reduced  when  relativistic 
effects  are  included,  conpared  with  the  nonrelativistic  results  of 
Primakoff  and  Porter  (1953)  (Table  5.2). 

5.4.  Electron  Ejection  from  Higher  Shells 

It  was  first  etphasized  by  Wolfsberg  (1954)  that  a spectrum  of  • 
electrons  ejected  during  nuclear  electron  capture,  meas\ared  in 
coincidence  with  a single  K x ray,  contains  contributions  from  L 
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electrons  shaken  off  during  K capture  and  from  K electrons  ejected 
during  -L  capture.  Wolfsberg  evaluated  these  effects  in  terms  of  the 
Primakoff-Porter  formalism.  Internal  ionization  of  this  type, 
resulting  in  K and  vacancies,  has.  also  been  discussed  by  Law  and 
Campbell  (1973aybJjThe  energy  distribution'  of  K electrons  ejected 
during  nuclear  electron  capture  from  higher  shells  was  considered 
by  Ryde  et  (1963) . 

The  subject  has  been  extensively  treated  in  terms  of  the  wave.- 
function  overlap  approach  by  Mukoyama  and  Shimizu  (1974)’.  Starting 
With,  the  formalism  of'  Stephas  (1969) but  using  the  relativistic 
hydrogenic  atomic  matrix  element  of  Mukoyama  ^ al.  (1973) , these 
workers  have  confuted  the  probability  per  K capture  for  L^-shell 
-electron,  ejection  with  total  energy  W:  . ' 

2 ’ 

— pWdW.  (5-13) 

O o 

Here,  is -the  transition  energy  for  K capture,  is  the  maximum 

total  energy  of  the  ejected  electron,  and  is  the  number  of  ' 
electrons  in  the.L^  shell.  S is  the  shape  factor,  and  the  wave- 
function  overlap  integral  is  - - 

'^Ki  " (Z-1,W)  I • (2,L^)>.  (5-14) 

Similarly,  Mukoyama  and  Shimizu  have  computed  the  K-shell  internal 
ionization  probability  per  capture,  e35>ressed  as  a ratio  to  the 
K-capture  probability; 


2ir 


^ S(W^-W)  (W  ~W) 
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n.  e.  S(W  -W)  (W  -W)^ 

P_(W)dW  = -i-  |M_r  ^ PWdW,  (5-15) 

27t2  "k  S(W  ■)  W 

o o 

where  e./e„  is  the  L.-to-K  capture  ratio,  and  W ’ is  the  mass  di£- 
1 1 o 

ference  between  initial  and  final  nuclei,  minus  the  binding 

2 

energy,  plus  one  (in  units  o£  me  ) . The  atomic  matrix  element  is 

MiK  = <ip(Z-l,W)  I if/(Z,K)_>.  (5-16) 

The  authors  construct  a properly  antisymraetrized  egression  for 
the  total  probability  for  the  direct  and  exchange  processes  (5-13) 
and  (5-15)  and  evaluate  the  result  for  cases  of  practical  interest 
(Table  5.1) . It  is  predicted  that  the  L-shell  internal -ionization 
probability  acconpanying  K capture  is  of  almost  the  same  order  of 
magnitude  as  the  K ejection  probability  during  L capture.  The 
probability  that  the  atom  tmdergoing  electron  capture  and  internal 
ionization  is  left  with  holes  in  the  K and  L shells  increases  with 
Z,  relative  to  the  double  K-hole  production  probability.  The  L-shell 
ionization  probability  decreases  more  slowly  with  Z than  the  K- 
electron  ejection  probability,  per  K capture. 

Calculated  spectra  of  electrons  ejected  during  K and  L capture 

55 

of  Fe  are  shown  in  Fig.  5-2.  It  is  predicted  that  electrons 
ejected  from  the  shell  contribute  substantially  over  the  entire 
spectrum. 

Comparable  calculations  of  L-shell  internal  ionization 
acconpanying  L capture  have  been  carried  out  by  Mvikoyama 
et  al-B  (1974). 
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In  this  context,  it  should  be  noted  that  only  allowed  transitions 
have  so  far  been'  treated  by  the  Intemann-Pollock  approach.  By 
contrast,  because  of  its  simplicity,  the  overlap-integral  approach 
has  led  to  results  for  arbitrary  beta  transitions.  The  simplifying 
feature  of  this  approach  is  the  assumption  that  the  initial  state  of 
.the  -two  electrons  involved  in  the  process  is  describable  in  teritis  of 
an  independent-particle  model,  i.e. , the  two-electron  wave  function 
can  be  written  as  an  un correlated  product  of  one-electron  wave 
functions.  It  is  this  assumption  which  permits  the  factorization 
of  the  matrix  element.  For  forbidden  transitions,  however,  with  the 
entrance  of  higher  beta  moments,  it  is  to  be  ejspected  that  the 
amplitude  for  internal  ionization  will  be  more  sensitive  to  the 
details  of  the  structure  of  the  initial  electronic  configuration, 
and  therefore  the  overlap- integral  approach  will  be  less  reliable. 

On  the  other  hand,  relativistic  effects,  which  are  of  particular 
inportance  for  forbidden  transitions,  are  much  more  easily  included 
in  this  approach  than  -in  the  Intemann-Pollock  approach. 

Furthermore,  in  connection  with  all  wave-fiinction  overlap 
calculations ,■ on  whicA  the  most  extensive  predictions  of  internal- 
ionization  probabilities  are  based,  it  must  be  kept  in  mind  that 
near-orthogonality  makes  the  atomic  matrix  element  exceedingly 
sensitive  to  the  accuracy  of  the  wave  functions-  Tliis  point  is 
discussed  in  detail  in  Sec.  2.5.  It  is  likely  that  quantitative 
results  derived  from  hydrogenic  wave  functions  may  lack  in  accuracy, 
particularly  in  the  case  of  outer  shells. 
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5.5.  Measurements  of  Internal  Ionization 
Excellent  critical  reviews  of  experimental  work  on  internal 
ionization  and  excitation  accompanying  electron  capture  have 
been  compiled  by  Law  and  Campbell  (1973),  Mukoyama  et  al . • (1973), 
Freedman  (1974) , and  Walen  and  Briancjon  (1975) ; somewhat  earlier 
results  have  been  discussed  by  Stephas  (1969) . 

Experiments  on  shakeup  and  shakeoff  during  electron  capture  are 
made  difficult  ^ priori  by  the  fact  that  the  probability  of  these 
processes  is  much  lower,  perhaps  by  an  order  of  magnitude,  than  in 
6 decay:  the  effect  'of  the  sudden  increase  in  nuclear  charge  upon 

the  Coulomb  field  seen  by  the  atomic  electrons  is,  to  a considerable 
extent,  compensated  by  the  reduction  in  screening  than  ensues  when 
one  K electron  is  captured.  Consequently,  the  ejqierimental  informa- 
tion on  the  subject  is  quite  limited;  it  is  confined  to  the  five 
isotopes  with  siiople  ground-state -to-ground-state  decays  listed  in 
Tables  5.1  and  5.2,  and  to  some  recent  work  on  ^Be  (Mutterer,  1970). 

. Relatively  least  difficult  are  measurements  of  the  probability 
of  double  K-vacancy  production  through  the  detection  of  coincidences 
between  two  K x rays  (or  K 'Auger  electrons,  or  both).  Two  decades 

ago,  Charpak  (1953)  used  two  2ir  proportional  counters  for  such 
55 

measurements  on  Pe.  Langevin  (1957,  1958)  measured  the  K Auger- 

electron  sum  peak  in  a single  proportional  counter  with  a gaseous 
71 

internal  Ge  source.  Miskel  and  Perlman  (1954)  and  Kiser  and 

Johnston  (1959)  measured  K Auger  electrons  and  K shakeoff  electrons 
37 

from  Ar  in  a proportional  counter. 
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Upon  the  advent  of  Nal (Tl]  scintillation  detectorsj  these  were 
employed  in  several  measiirements  (Daniel  et  al»  1960; 

Lark  and  Perlman,  I960?  Ryde  e t al « » 1963; 

Smith,  1964) . A further  advance  in  the  technique  was  made  possible 
when  solid  state  detectors  were  developed  with  which  K x rays  from 
elements  with  adjoining  atomic  numbers  can  be  resolved,  so  that  one 
cm  discriminate  sensitively  against  impurities.  Nagy  61;  al» 

(1972)  used  a Si (Li)  semiconductor  detector  in  coincidence  with 

a scintillation  counter  in  double  K-vacancy  production  measurements  • ' 

131^  , 165„ 

on  Cs  and  Er. 

The  creation  of  double  K holes  can  also  be  deteinnined  by 
detecting  radiative  transitions  to  the  empty  k,  shell.  Such  transi- 
tions  produce  Ka  x-ray  "hypersatellites”  that  are  shifted  up  in 
energy  with  respect  to  the  diagram  line.  A hypersateliite  measurement 
was  first  used  by  O&rtzen  (1964) , who  employed  a bent-crystal  dif- 
fraction spectrometer  to  determine . the  double  K-vacancy  production 
71 

rate  in  Ge;  the  result  agrees  extremely  well  with  that  of  Langevin 

(1957,  1958) , Briand  et  al.  (1971)  measured  the  Ka  hypersateliite 
71 

from  Ge  decay  in  coincidence  with  the  ensuing  Ka^  ^ satellite. 

Results  of  all  these  measurements  of  double  K-vacancy  production 
probability  during  nuclear  K capture  are  included  in  Table  5.2. 

Total  electron  ejection  probabilities  are  much  more  difficult  to 
determine.  Spectrum  measurements  necessarily  have  a low-energy 
threshold,  determined  by  detector  noise,  electron  scattering,  and 
window  transmission  problems.  Because  most  electrons  are  ejected  with 
very  low  energies  (Pig-  5-3) , total  ejection  probabilities  can  only 
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be  inferred  from  measured  spectra,  that  extend  over  a limited  range, 

by  fitting  the  data  to  some  theoretical  spectral  shape.  The 

admixture  of  I,  electrons  ejected  during  K capture,  and  of  K 

electrons  ejected  during  L capture,  introduces  additional  uncertainties 

that  are  difficult  to  account  for,  unless  the  electron-  counts  are 

gated  by  double  K x-ray  events.  The  results  depend  so  heavily  on  the 

theoretical  model  in  terms  of  which  the  data  are  interpreted  and 

often  contain  such  large  probable  errors  that  they  have  not  been 

included  in  Table  5.1.  Pertinent  information  can  be  found  in  the 

original  literature  and  in  the  papers  by  Stephas  (1969) , MuKoyama 

dt  al.  (1973) , Freedman  (1974) , and  Walen  and  Briamjon  (1975) . 

While  ejected-electron  spectrum  measurements  have  not,  in  the 

past,  led  to  unequivocal  and  precise  determinations  of  the  total 

•electron  ejection  probability,  they  are  nevertheless  of  value  for 

7 

testing  theoretically  predicted  spectrum  shapes.  The  Be  electron 

37 

spectrum  has  been  measured  by  Mutterer  (1970) , and  that  of  Ar, 
by  Miskel  and  Perlman  (1954) , with  proportional  counters.  Pengra 

and  Crasemann  (1963)  gated  on  Mn  K x rays,  detected  with  a 

. . . 55 

scintillation  counter,  to  measure  the  Fe  electron  spectrum  with  a 

proportional  counter,  at  low  energies,  and  with  an  early  solid  state 

' ‘ 55 

detector,  at  higher  energies.  Modem  measurements  of  the  Pe 

electron  spectrum  have  been  performed  by  Nagy'  (1971)  with  two  plastic 

scintillators  in  coincidence,  and  by  Kitahara  and  Shimiz-u  (1975),  who 

performed  a triple-coincidence  (x-x-  f>)  eJ^erlment  with  proportional 
71 

counters.  Bie  Ge  spectrum  was  determined  by  Langevin  (1958)  with 
a. proportional  covmter.  Daniel  e1:  al. 


(1960)  used  a 
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magnetic  spectrometer  to  study  the  spectrum  from  this  spectrum 

was  measured  more  recently  by  Sujkowski  et  al.  (1973)  with  a Si (Li) 
detector  placed  at  the  focus  of  a zero-dispersion  homogeneous 
magnetic-field  spectrometer.  A magnetic  3-ray  spectrometer  was  used 
by  Ryde  e^  al.  (1963)  on  Er. 

The  measured  spectra  appear  to  agree,  within  errors,  with  the 
general  shape  that  all  theories  predict;  this  shape  is  largely  deter- 
mined by  the  statistical  factor.  Without  question,  precise  absolute 
measurements  of  ejected-electron  spectra,  preferably  in  coincidence 
with  two  K X rays,  would  be  of  great  value  as  a guide  for  more 
refined  computations  of  the  atomic  matrix  element. 

5-6.  Correlation  of  x Rays  and  Y Rays  Following 
Electron  Capture 

If  aligned  nuclei  undergo  electron  capture,  the  atomic  inner- 
shell  vacancies  created  thereby  can  be  polarized,  and  siabsequently 
emitted  x rays  can  be  circularly  polarized  (for  an  illustrative 
example,  see  Emery,  1975) . Dolgxnov  (1956-1957,  1958a,  b)  has 
described  these  circular  polarization  effects  and  pointed  out  that 
even  in  the  decay  of  unaligned  atoms  a correlation  can  exist  between 
the  circular  polarization  of  x rays  and  of  y rays  emitted  following 
the  nuclear  decay. 

An  unisotropic  directional  correlation  of  the  type 

W{0)  = 1 + A2P2{cos0)  (5-17) 

can  exist  between  x rays  and  y rays  emitted  after  nuclear  electron 
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captvire  if  the  intermediate  atomic  state  is  characterized  hy  a 

vacancy  with  j>l/2.  The  theory  has  been  developed  by  Dolginov 

(An  esrly  discussion  cf  the  problem  is  giver:  by  Tol’ioel:  e;t  gl.  . 
(1958b) . ^ Somewhat  simplified  ej^ressions  based  on  Dolginov's  theory  1955). 

are  given  by  Rupnik  and  Crasemann  (1972) ,■  who  also  worked  out  the 

directional-correlation  function  for  x rays  emitted  in  transitions 

to  the  level  and  y rays,  following  second-forbidden  nonunique 

27 

electron  capture  transitions. 

The  ejq>erimental  detection  of  anisotropic  x-y  correlations  is 

hampered  by,  the  condition  that  the  intermediate  atomic  vacancy  must 

28 

have;j>l/2,  whence  only  capture  is  of  interest.  The 

' -7 

capture - ratio  in  allowed  transitions  is  always  small  (<10  );  one 

must  choose  a radioisotope  that  decays  through  a second  or  higher 

forbidden  electron-capture  transiticn  to  a short-lived  excited 

state  of  the  daughter.  The  only  readily  available  isotope  -that 

207 

fulfills' these  requirements  is  Bi,  but  its- decay  scheme  is 

cluttered  with  other  transitions . ' Efforts  to  detect  anisotropy  in 

207 

the  x-y  directional  correlation  from  Bi  decay  have  been  unsuccessful 
(Rupnik  and  Crasemann,  1972;  Cambiaggio  et  al. , 1975),  although  the  • 
results  are  not  inconsistent  with  theoretical  predictions- 


ACKNOWLEDGMENTS 


We  are  indebted  to  many  colleagues  for  helpful  discussions  and 
for  making  their  results  available  to  us  in  advance  of  publication. 
In  particular/  we  wish  to  thank  H.  Appel  of  the  Universitat  and 
Kemforschungszentrum  Karlsruhe,  W.  Biihring  of  the  Universitat 
Heidelberg,  M.  S,  Freedman  of  the  Argonne  National  Laboratory,  and 
B.  E.  Persson  of  the  Technische  Hochschule  Darmstadt  for  reading  and 
criticizing  parts  of  early  drafts  of  this  paper.  J.  B.  Mann  of  the 
Los  Alamos  Scientific  Laboratory,  University  of  California,  kindly 
supplied  us  with  unpublished  wave  functions,  and  B.  Pricke  of  the 
Gesamthochschule  Kassel  generously  made  his  Hartree-Fock-Slater  com- 
puter codes  available.  One  of  us  (M.  L.  P.)  is  indebted  to  the  Uni- 
versity of  Glasgow  for  a research  fellowship. 


2?0 


Appendix 

A2-l^  Expressions  for  and  n!jr(k^»k^) 

Only  the  dominant  terms  of  the  quantities 
mj^(k^ik^)  are  given  in  Eqs-  ( 2-106  )•  The  complete  formulae 
for  and  follow  (Behrens  and  BWhring,  1971»  modified 
for  electron  capture)- 

1.  ky  = 

fc»)  = V — (?#>='  ‘itRY'-"  ‘ 

* (2K+1)II  (2A^-l)!l(2A»-l)!!(fe^-l)!(fc,-I)r  ^ ^ 

X y y (2fe— 1)1! 

xh  (2g)!!(2g+2fc^-l)!!  (2A)l!(21+2fcv-l)I!' 


« = K-k  +1 

2 


(2k.  1)!! 

' *9  0 I 


X (-  ]/1^  [(^j)  2p.  2ff.  p) 

^ qRm  F%%iy,(k  , 2p+ 1, 2o+i,  p)1 

2X+1  21+2lc,-H  2p+2fc.+l'^  - V P / ^ ^ ^ 


•^1 

1 

2A+2fc,+l  ^ 

r i 

i 

J!/i+2/Cj(+i 

j 

(KM 

K 


W,R  2P+1, 2a+l,  p) 


(2 


2A+2k, 

2 


K+1 


2K+1 


1 


2A^2ky-^i  2^"f“2^^+l 


F|JJn(kx.2p+l,2a-K,p)j . 


-Al) 


X f y (2k -m  /M 

-i=o^=o(2/i)!!(2/t+2t^-l)!!  (2A)!!(2^+2fc,-l)!!^^''  ,=o^  ^ W 

X i(m,Rf'‘-^'’m^''~‘’{<xZy  [ - [m, /?( (^~ 

^^KK-tiik^,  2/j,'2(7—  1,  p) ^ 1 1 qRm^R  i}^\ 

2iC  + l 2A+2*„+l  2;i+2A:xfl  \pf 

X-Fit*i1{(*x.  2/i+l.  2tr,  p)j  H-  m^R  FiU{k^.  2p+l,  2ff,  p) 


2A+2fe, 


Cz/i+a/c^+l  (p  ) ^^Kt(k^,  2p+1, 2ff,  p)4 

qRm^R 


^f°p  ')«fc;,.2p,2<.-l.p)]^)/. 

^ ( p ) 1 i(^yi’  2p + 1, 2<Xi  p)| , 

= K-k^+Z 

• A^x(A^.'fcv) 


22+2/:,,  + 1 

Ji^+X 2 1 
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(2js:+l)!{  (2k^- 1) ! l(2k,  - 1) ! i)  i(fc^  _ j)  j 

(2fr>-l)!! 


— y*.  v“**'v 

(2k^~l)(2k,-i) x=o n=oi2p)l\(2p+2k^~l)ll  (2A)n(2A+2*,-l)n 


(2K-1)U 


^ ([(  P ) 2p.  2ff,  p)+ 


2A+2/c,  + l 2p+2/fx+l 

- (%’"‘)«*'(*,.2MI,2«+l,p)]  +5iri.j/I+i 

-I  JsT+1  ' A’ 
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qRf^:R 
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fc,)  = y — ^ 

4. 


K+1 


CO  00 


E E 


(2fc^-l)!! 


(2fe,-l)!! 


[2k^~  lX2fe,  - 1)  x%  ^=0  (2/j) ! !(2/t + 2fc^- 1) ! ! (2A) ! !(2A + 2k,  - 1) ! ! 


Za 


^ <r=0  W p=0 
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+ (7)  '»] 

+ ^]/^‘  [m.K((^i!r‘/l  (^“■■‘)  Fg%,2ft2j-r,rt 

- Cl '■>] 


2A+2fe,+l 


F^r4}(fc„2p,2c7-l,p)] 
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y /-TT-^TT ^ r(2fc*“l) mcR  FKtiiiik.,  2p  + l,  2ff,  p) 

' (A+1)(2A+1)  L * 2p+2fc^+l  \P/  ^ 
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2*, -I 


22+2/cu+l 


In  these  expressions,  we  have 


0 if  p.=0 


0 if  0=0 


A =i 


0 if  p=0 

1 other^fise- 


"bli 

For  n -forbidden  unique  transitions,  Eqs-  ( 2-Al)  through  (2-A^) 
apply,  with  K=n-M,  ^(n+l)(n+l)0’  \n+l)(n+l)l’ 
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^^(-n+l)(n+2)i*  forbidden.  lion-unique  transitions,  Eqs. 

(2-Al)-(2-Aif)  apply  With  K=n,  \nl’  \(n+l)l* 

If  n;=li  there  is  a further  contribution  from  Eqss  ( 2-A3)-(2-A4) 
v/ith  K=6,  ^QQQi  -^^.lowed  transitions  involve  Eqs.  (2-A5) 

and  (2-A4)  with  K=0,  ^rQQQ,  ^2-Al)  and  (2-A2) 

with  K=l,  ^F]^oi’  ^^ilO^  ^^lll’  ^121*  magnitude  of  the  var- 

ious terms  in  Eqs.  (2"Al)  through  (2-A4)  is  determined,  first,  by 
powers  of  the  factors  (p^S),  ahd  (aS),  and 

second,  by  the  differenee  of  one  order  of  magnitude  between  the 
relativistic  and  nonrelativistic  form-factor  coefficients*  Thus, 
the  dominant  terms  of  Eqs*  (2-A1)-(2-A4)  are  a subset  of  the 
terms  With  A=0,  n=0  [SkjS-  (2-104) -(2-106)].  The  correction  terms 


of  the  next  order  are 

(i)  terms  v;ith  p=0,  \=0  v;hich  were  not  included  in  Eqs- 
( 2-104) -(2-1C6); 

(ii)  terras  with  p=0,  A=i  and  p=:l,  X=0  corresponding  to  the 
terras  with  11=0,  X=0  of  Eqs.  ( 2-104) -( 2-106) . 

I 

All  terms,  however,  with  powers  of  m^R  and  W^R  can  usually 
be  omitted  since  m^R  and  V/^R  are  generally  much  smaller  than  aZ. 
It  should  be  noted  that  for  electron  capture  the  correction 
terras  are  important  only  in  cases  where  cancellations  oOcur 
among  the  dominant  terms. 
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A2.2.  • Expansion  Coefficients  I(k,m, n, p;r)  up  to  Order  m=3 

The  expansion  coefficients  I(k,m,n,p;r)  of  the  electron 
radial  wave  functions^  up  to-order  m=3,  are  as  follows  (Behrens 
and  BUhring,  1971): 

- I(k,  1, 1, 1;  r)  = (2fc+ 

* * 

' I(k,  2,  2,  2;  r)  = 2(2k-l^l)r-^j'u(y)y~^^jy^U(x)dxdy, 

I(k,  2, 2, 1;  r)  = - x^'^U(x)dx+  r~^  f xi/(x)dx, 

2fc-l  Jo  . 2k-l  Jo 

: . I(k, 2, 1, 1;  r)  = f x^^U(x)dx~  r~^ 

2fe— 1 Jo  , , 2fc— 1 Jo 

l{k,  3, 3, 3;  r)-=.  2(2fc+l)(2fe+3)r“^^-"  fV‘t7(z)  Cu(y)y~^'^  f x**C/(x)dxd;^dz, 

' I{k,  3, 3, 2;  r)  = i(2fc-f3)r-'"  f'’x^^U(x)dxdy+ 

■ . . . . Jo  Jo  ■ ’ 3(2fc-l) 

I(k,.3,  2, 2;->)  = 2(2fc+3>-=^  l'u(y)y-^'‘  fV"t7(x)dxdv~ 

Jo  Jp  2fe-l 

3, 3, 1;>)  = ^^(^^+3)  ^-21-3  T (2fc+l)(2fc+3)  ^-2*-i 

3(2/c-fl)  Jo  - 3(2fc-l) 

■< £>c-Md.4- 

I(k,  3,  i,  1 ; r)  = iMJfe+l)  x«+^t7(x)dx-  (gj:+^X2fc+3)  ; 

• • 2fe-4*l-  , _ Jo'  2fc— 1 

'X  J x*'‘u(x)dx+ 

Jo  . (2fe+l)(2A;-l)  Jo  . ■^ 


275 


The  function  U(x)  in  these  expressions  is.  defined  by 

V(x^  = -(aZ/E)U(x),  (2-A6) 

where  V(x)  is  the  potential  of  the  nuclear  and  atomic  charge  dis- 
tributions. 


Footnotes 


^We  have  A'^={A^'*’,  A^'*', 

2 

The  field  operators  are  given  by 


ipCx)  = 21  Xj  q)u^(q)+b^(q)v^(q)  } , 

q r 

!j)(x)  = y~l/^  'Y'  y~* fe  ^^^a^(q)u^(q)+b^(q)v^(q)e^‘^^>; 
q r 

r = 1,2. 


The  a^(q)  and  a^(q)  are  the  annihilation  and  creation  opera- 
tors for  a fermion  of  momentum  q and  spin  r,  respectively, 
b^(q)  and  b^(q)  are  the  corresponding  operators  for  the  anti- 
particles.  The  n^(q)  eind  v^(q)  are  both  the  free-particle 

Dirac  spinors.  We  have  iT  (q)=u^(q)Ti,  and  v (q)=v"^(q)Yi,* 

r r ^ ' r r ^ 


*^We  use  the  Dirac  equation  (-ap-Pm-W)i{i=0  and  the  notation 


In  the  following,  we  use  natural  units  dism^ssosl. 

^V?e  have  r=r/r,  and  d£2  is  the  solid  angle. 

^The  electron  radial  wave  functions  can  also  be  calculated  approxi- 
mately as  hydrogenic  wave  functions  for  a point  nucleus  of 
charge  reduced  by  the  appropriate  Slater  screening  constants 
(Slater,  1930). 


7 

However,  for  the  inner  shells  and  for  medium  and  high  atomic  num- 
bers, there  is  only  a negligible  difference  between  the  wave 
fimctions  of  Mann  and  Waber  (1973)  and  those  from  Hartree- 
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Fock-Slater  calculations  (-Suslov-,  196-9 -and  -l-97Cbf  ^zhelepov 
al««  1972;  Martin  and  Blichert-Toft,  1970)  or  Thomas- 
Fermi-Dirac  calculations  (Behrens  and  JHnecke,  1969;  Band 
1956,  1958). 

We  Fourier  transform  of  the  electron  wave  function  d _(r)  is 


9 - j. 

In  the  formulae  for  p and  P'*'  decay,  the  axial-vector  coupling 
constant  \ has  the  opposite  sign  CSec.  2.1,  Eq.  (2-39)^. 

For  electron  capture,  theVe  are  hence  two  ways  of  defining 
the  axial-vector  form-factor  coefficients  in  terms  of  matrix 
elements  and  coupling  constants,  i.e.,  by  using  the  same 
sign  definition  for  X as  in  the  p"-decay  formulae  or  the 
same  as  in  the  P'*‘-decay  formulae.  In  the  present  work,  the 
definition  of  the  foimi-factor  coefficients  corresponds,  as 
in  Behrens  and  JSnecke  (1969),  to  those  in  p"  decay.  Conse- 
quently, in  addition  to  the  substitution  indicated  in  Eq. 

( 2-40) , we  must  replace  by  when  going  from 

P"*"  decay  to  electron  capture - 


There  is  another  possibility  of  going  to  the  nonrelativistic 
limit-  By  applying  the  Foldy-Wouthuysen  transformation 
on  the  total  (nuclear  plus  P-decay)  Hamiltonian,  one  can 
construct  an  effective  V— A transition  operator  that  can  be 
used  with  nonrelativistic  single-particle  wave  functions 
(Rose  and  Osborn,  195^;  Blin-Stoyle,  1973,  Konopinski,  1966). 
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The  operators  a and  which  appear  in  the  relativistic 
matrix  elements  are  replaced  in  the  nuclear  space  by 


a 


-y  ~y 

^ O^V 

fr  ^5  -"IT' 


This  treatment  of  the  relativistic  nuclear  single-particle 
matrix  elements  is  fully  equivalent  to  that  described  in 
the  text. 

^^irst-  and  second-class  currents  are  defined  on  the  basis  of 

their  behavior  under  a G operation#  If  we  split  the  hadron 
current  into  first-  and  second-class  terms  (Weinberg,  1958; 
Kim  and  Primakoff,  1969), 


T tI  tII 

J = J + J , 

p.  pi  p,  ’ 


we  have 


and  hence. 


2J^  = J + GJ  G“^ 

p p p 


= J - GJ  G"^, 

p p p ’ 


GJ^G"^  = +J^ 

p p 


GJ^ . 

p p 


Here,  J is  a first-class  element  of  the  hadron  current,  and 

p 

II 

J is  a second-class  element-  The  G operator  is  defined  as 
V* 


G = Ce 


inT^’ 


where  C is  the  charge-conjugation  operator,  and 
second  isospin  component. 
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10.1 


There  is  only  a small  difference  between  the  f or.m-f sctor 
coefficients  for  electron  capture  and  dficay,  because 
Of  the  different  decay  energies^  In  the  former  case, 
the  decay  energy  is  '■^'5=W^+Wy,  while  in  the  letter  case 
It  is  Wq.  This  energy  difference  leads  to  the 
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following  correction  factor  (Behrens  and  Biihring,  1974)  • 


K 


- ^)li- 


Because  we  can  assume  | f^/1 1 ■^3x10 


-3 


(Blin-Stoyle , 1973;  Wilkinson, 
197^6. jAlhurger  and  Wilkinson,  1970;  Wilkinson  and  Alburger,  1971; 
Eman  aX«  $ 1973) , we  obtain  a correction 


<2x10 


This  value  is  smaller  than  the  contributions  from  higher-order  terms 
[Eqs,  (2-128)- (2-131) ] and  from  the  radiative  corrections. 
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15 


total  integrated  intensity  of  a tv/n-photon  spectrmi,  for 

-h 

exarap?;e,  is  expected  to  ce  no  greater  than  n/io  times  that 
of  the  corresponding  one-photon  spectrn;.u  Tv/o-photon  IH 
and  the  directional  correlation  between  the  photons  have 
been  studied  by  Menhardt  (l'^'^-?). 


16 


The  adequacy  of  this  procedure  has  been  questioned  by 


bopnin 


and  Persson  bat  it  underlies  all  theorptlcal  v;ork 


reported  so  far- 


17  ^ 


or  a possible  exception  to  this  stateraent,  see  Ssi; 
Batkin  (1074) . 


■niv-  a:\d 


18 

Unfortunately,  holler's  work  is  much  less  well-known  than  that 
of  Morrison  and  Schiff.  Thus,  the  theory  has  come  to  be 
known  by  the  names  of  the  latter  authors.  Yet,  it  was  m/ller 
v/ho  first  envisaged  IB  as  arising  from  the  emission  of  a vir- 
tual positron,  follo'wed  by  its  single-quantum  annihilation 
with  one  of  the  K electrons. 


19 

Winter  (1957)  has  shown  how  to  construct  a simple  classical 
model  for  radiative  K capture  which  correctlj-  predicts  the 
low-energy  portion  of  the  13  spectrum  CEq.  (4-1?)]  and,  to 
within  a factor  of  ln2,  tlie  total  radiative  capture  rate 
CEq.  (4-l8)3-  Neither  the  high  -energy  portion  of  the  IB 
spectrum,  however,  nor  the  IB  angular  distribution  are  cor- 
rectly given  by  the  model - 


Deiginm;  page  is 

w.  POOR  QUALTry 
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Because  is  well  behaved  asj^-+€,  it  is  unnecessary  to  average  it 

over  the  nuclear  volume. 

21 

Of  greatest  interest  are  those  EC  transitions  for  which  competing  positron 
emission  is  energetically  impossible.  Then  we  have  k<2-B^  and  |E|<1.  In 
this  case,  the  Green's  function  cannot  represent  a freely  propagating  wave. 
Rather,  it  decreases  rapidly  with  distance  from  the  nucleus  and  has  a 
range  which  depends  on  k. 

22 

In  this  approximation,  Glauber  and  Martin  neglect  the  retardation  factor 

for  photon  energies  k<Za.  This  .approximation  is  discussed  further 
and  a calculation  of  the  Is -state  capture  spectrum  of  ^^Ar  in  which  this 
approximation  is  not  made  is  given  by  Paquette  (1962). 

^3 As  pointed  out  in  Sec.  2.2.2,  the  (g|_^/g|^)^  -ratios  given  in  Brysk  and  Rose 
(1958)  deviate  systematically  from  all  other  reported  calculations  on 
screened  electron  wave  functions.  However,  these  deviations,  and  the 
resulting  uncertainties  in  Fig.  4-7,  appear  to  be  never  greater  than  about 
5-6%.  The  errors,  of  order  Za,  associated  with  the  results  of  Glauber  and 
Martin  (1956)  for  the  2s,  2p,  3p  -spectra  are  always  much  larger  (except 
for  the  special  case  of  ^Be).  Thus  the  results  displayed  in  Fig.  4-7  are 
more  than  adequate  for  present  purposes  and,  as  a convenience,  will  be 
used  to  determine  all  screening  corrections  in  Sec.  4.2  unless  otherwise 
noted. 

^^An  excellent  summary  of  these  results  is  given  by  Schopper  (1966). 
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25 


26 


27. 


28 


The  vacancy  'created  by  nuclear  electron  capture  tends  to  counteract 
the  effect  of  the  decrease  in  nuclear  charge  from  Ze  to  (Z-l)e. 

For  this  reason,  the  overlap  integral  of  Eq.  (5-2)  is  smaller 
-than  its  analogs  in  decay. 

The  upper  limit  of  the  neutrino  energy  is  only  approximately 

W +1-|e’ |“W  as  implied  by  the  energy-conserving  delta  function 
in  Eq.  (5-3) . The  neutrino  energy  is  reduced  by  the  binding 
energy  of  the  second  K electron  in  the  daughter  atom  that  already • 
contains  one  K hole,  and  increased  by  the  additional  relaxation 
energy  of  the  electron  cloud. 

The  directional  correlation  function  for  x rays  from  h^'shell 

internal  conversion  of  an  M4  y transition  and  a cascade  y i^^y 
207 

in  Bi,  given  by  Rupnik  and  Crasemann  (1972)  [their  Eqs. 

(36)  and  (37)]  is  in  error;  contrary  to  these  authors'  assump- 
tion, the  radial  integrals  cannot  be  factored  out  of  the  cor- 
relation ejipression  (J.  S.  Geiger,  private  communication,  1974). 
New  calculations  'are  being  carried  out  by  Geiger  and  Ferguson 
(1974)  and  Carvalho  e^  al.  (1975) . 

While  nuclear  electron  capture  as  a rule  occurs  predominantly  from 

s states,  it  is  interesting  to  note  that  '''97%  of  the  primary 

202  205  , 

vacancres  produced  in  the  decay  of  Pb  and  Pb  are  in  the 


L_  shell  (Emery,  1975;  Bambynek  ai . , 1974) 
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TABLE  2.1.  List  of  calculations  of  electron  radial  v;ave  functions  inside  or  near  the 


nucleus- 


Reference 

Atomic  , 
R/NR®  potential^ 

Nuclear  charge 
distribution  Z 

Shells 

Remarks 

Brysk  and  Rose 
(1955) 

R 

TFD 

uniform 

10-100 

K,  L 

Results  presented 
graphically 

Band  ^ al. 
(1956,  1958) 

R 

TFD 

uniform 

18-98 

K,  L 

Brewer  ^ al. 
(1961) 

R 

TFL 

uniform 

55-90 

M 

Every  fifth  atomic 
number  is  listed 

Watson  and 
Freeman 
(1961) 

NR 

HF 

point 

3-42 

all 

Analytical  wave 
functions  are 
used 

Herman  and 
Skillman 

(1963) 

NR 

HFS 

point 

2-100 

all 

- 

Winter  (1968) 

NR*^ 

HF 

point 

3-42 

K,  L 

L^/K  ratios  only 

Behrens  and 
JSnecke 
(1969) 

R 

HF  (Z<36) 
TFD  (Z^) 

uniform 

1-102 

K,  L,  M 

Suslov  (1%9« 
1970b ) 

R 

NE  HFS  (ZW72) 
R HFS  (Z|^2) 

uni form 

2-98 

K,  L,  M 

Martin  and 
Blichert” 
Toft  (1970) 

R 

HFS'^ 

Fermi 

t 

5-98 

K,  L 

Froese— Fischer 

(1972b.) 

NR 

HF 

point 

2-86 

all 

Mann  and  Water 
(1973) 

R 

HF 

Fermi 

1-102 

all 

3L  * » 

NS=nonrelativistic ; E=relativistic . 

^TFD=Thomas-Eermi-Dirac ; HF=Hartree“Fock;  HFS=Hartree-Fock~Slater. 

^Supplementary  relativistic  corrections  are  applied  to  results  from  NE  analytic  wave 
functions  of  Watson  and  Freeman  (I96l)  and  ffelli  (1966)» 

%estor  e.t  al«  (1966);  Tucker  et  al.  (1969);  Lu  ^ (1971)* 
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TABLE  2»2.  Calculated  electron  radial  wave-function  ratios  /gj^. 


Nonrelativistic 

Relativistic 

HFS 

HF 

TFT) 

HFS 

HF 

z 

Herman  and 
Skillman 
(1965) 

Froese- 
Fischer 
(1972  b) 

Winter 

(1968) 

Brysk  and 
Rose 

(1958) 

Band 
^ SL* 
(1956, 
1958) 

Behrens  and 
JHnecke 
(1969) 

Suslov 

(1969, 

1970) 

Martin  and 
Blichert- 

Toft  (1970) 

Calculated^ 
with  the , 
codes  of 
Fricke  al. 

(1971) 

Winter  ■ 
(1968),^ 
"corrected 

Mann  emd 
-Waber 
(1973) 

5 

0.049 

0.041 

0.041 

0.049 

0.041 

0.049 

0.041 

0.041 

10 

0.058 

0.055 

0.055 

0.075 

0.059 

0.058 

0.059 

0.055 

0.053 

15 

0.075 

0.074 

0.074 

0.079 

0,077 

0.076 

0.076 

0-076 

0.074 

0.074 

20 

0.085 

0.084 

0.084 

0.083 

0.083 

.0.086 

0.086 

0.086 

0.086 

0,086 

0.086 

30 

0.095 

0.095 

0.095 

0.093 

0,099 

0.100 

0.100 

0.100 

0.100 

0.099 

0.099 

40 

0.101 

0.101 

0.103 

0.109 

0. 109 

0. 109 

0.109 

0.109 

0-108 

o-iog 

50 

0.104 

0-105 

0.113 

0.118 

0.118 

0.119 

0.118 

0.118 

0.118 

60 

0.107 

0.107 

0.125 

0.128 

0.128 

0.128 

0.128 

0.128 

0.127 

70 

0.109 

0.109 

0.137 

0.139 

0-140 

0.140 

0.139 

0.139 

0.138 

80 

0.110 

0.111 

0.151 

0.153 

0.154 

0.152 

0.152 

0.152 

0.151 

90 

0.111 

0.166 

0.169 

0.170 

0.167 

0.167 

.0.168 

0.167 

100 

0.112 

0.184 

0.190 

0.187  ■ 

0.186 

^he • parameters  in  the  Slater  exchange  terra • CEq.  (6)  of  Fricke  et  al.  (1971)3  are  C=l,  n=l,  and  m=l.  ^ - 

Nonrelativistic  results  raultipled  by  a correction  factor  for  relativistic  effects* 


TABLE  2#3#  Calculated  electron  radial  wave-function  ratios  /c?  • 


z 

Nonrelativistic 

Relativistic 

HFS 

HF 

TFD 

HFS 

. HF 

Herman  and 
Skillman 
(1965) 

Watson,  and 
Freeman ■ 
(1961) 

Froese*- 
Fischer 
(1972  b) 

Brewer 
et  al. ® 
(1961) 

Behrens  and 
JSnecke 

(1969) 

1 

Suslov 

(1969, 

1970) 

Calculated  with 
the  codes  of 
Fricke  ^ al- 
(1971) 

Ma;nn  and 
Waber 

(,1973) 

15 

0.095 

0.075 

0.076 

0-095 

0.095 

. 0,076 

20 

6.132 

0.118 

0.119 

0.133 

0.133 

:o.ii9 

25 

O.lMf 

0.134 

0.136 

' 

0.145 

0.145 

6.136 

50 

0.148 

0.144 

0.143 

0.162 

0.150 

0.150 

,6.144 

ho 

0.1?4 

. 0.172 

0.184 

0.176 

0.176 

6.174 

50 

0.194 

0.193 

0.201 

0.197 

0.196 

. P.195 

60 

0,208 

0.208 

0.216 

0.214 

0.212 

'0.211 

6.210  • 

70 

0.218 

0.218 

0.228 

0.224 

0.224 

0.222 

0.222 

80 

0.225 

0.225 

0.237 

0.233 

0.231 

0.231 

0.230 

90 

0.231 

0.242 

0»  2^0 

0.237 

0.238 

0.237 

100 

0.235 

0-245 

0.243 

0.242 

1 


a 2 

Here,  has  been  taken  from  the  tables  of  Behrens  and.  JSnecke' (1969) . 
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TABLE  2.4.  Calculated  electron  radial  wave-function  ratios  /g^  . 


Nonrelattvistic 

Relativistic 

HFS 

HF 

HFS 

HF 

z 

Herman  and 
Skillman 

(1963) 

Watson  and 
Freeman 
(1961) 

Froese- 

Fischer 

(1972b) 

Sualov  (1969,  1970); 
Dzhelepov  et  al. 
(1972) 

Calculated  with 
the  codes  of 
Fricke  et  al. 

(1971) 

Mann  and 
Water 
(1973) 

35 

0.116 

0.094 

0-094 

0.116 

0.094 

40 

0.162 

0.143 

0.163 

0.162 

0.143 

45 

0-184 

0.168 

0,186 

0.183 

0.167 

50 

0.203 

0.188 

0-206 

0.204 

-0.189 

60 

0.233 

0,224 

0.236 

0.235 

0:225 

70 

0.257 

0.232 

0-245 

0.243 

0.236 

80 

0.251  , 

0.248  . 

0.257 

0.257 

0.251 

90 

0.266 

0.271 

0.271 

0.267 

100 

0.279 

• 

0.283 

0.279 

VjJ 

■tr 


TABLE  2.5.  Calculated  electron  radial  wave-function  ratios  /g^  , 


Nonrelativistic 

Belativistl 

c 

HFS 

HF 

' HFS 

HF 

z 

Hennan  and  Skillmatn 
(1965) 

Eroese-Piacher 

(1972b) 

Calculated  with  the 
codes  of  Fricke  ^ al. 
(1971) 

Mann  and  Waber 

(1973) 

70 

0.155 

0.135 

0.161 

O.1A6 

75 

0.182 

0.163 

.0.186 

0.171 

80 

0.203 

0.183  ■ 

0.208 

0.192 

85 

P*,229 

0.211 

0.232 

0.’216 

90 

0.^2 

0,252 

0.239 

95 

0.263 

! 0.266 

0.25^ 

100 

0.272 

_ 0.278 

0.279 

■p- 

\j\ 
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lABIiE  2.6  • Calculated  relativistic  electron  radial  wave-function  ratios  ff  /gr  • 

^2  ^1  • 


TFD 

HI’S 

HF 

z 

Brysk  and 
Rose 

(1955) 

Band 
et.  al. 
(1956, 
1958) 

Behrens  and  ' Suslov 

J&iecke  (1969,  1970b)} 

(1969)  Dzhelenov  et  al. 

(1972) 

Martin  and 
Bli chert - 
. Toft  (1970) 

Calculated  with 
the  codes  of 
Fricke  al. 

(1971) 

Mann  and 
Waber 

(1975) 

10 

0,001 

0.00052 

0.00053 

0.00052 

0.00046 

15 

0.002 

0.00160 

■0.00155 

0.00155 

0,00155 

0.00143 

20 

0.003 

0.00235 

0.00318 

0.00308 

' 0.00306 

0. 00306 

0.00290 

25 

0.005 

0.00492 

0.00525 

0,00515 

0.00512 

0.0051? 

0. 00489 

30 

0.007 

0.00751 

0.00786 

0.00778 

0.00774 

0.00774 

. 0,00746 

40 

0.013 

0.0145 

0,0149  ’ 

0.0148  , 

, 0.0147 

0.0147 

0.0143 

50 

0.022 

0.0241 

0.0247 

0.0246 

0.0244 

0.0244 

0.0238 

60 

0.034 

0.0368 

0.0377 

0.0376 

0.0371 

0.0371 

0.0364 

70 

0,052 

0.0538 

0.0548 

0.0546 

0.0538 

0.0538 

0.0527 

80 

0.077 

0.0757 

0.0771 

0.0755 

0.0753 

0.0754 

0.0741 

90 

0.111 

0.1056 

0,1068 

0.1043 

0.1042 

0.1041 

0.1023 

100 

0.154 

0.1474 

0.1432 

0.1407 

TABLE 

2.7*  Calculated  relativistic  electron 

2 2 

radial  wave-function  ratios  * 

TFD 

HFS 

HF 

Z 

Brewer  £t  al. 
C196D 

Behrens  and  JSnecke 
(1969) 

Suslov 

(1969,  1970b); 
Dzhelepov  al. 

(1972) 

Calculated  with 
the  codes  of  Fricke 
(1971) 

Mann  and  V/aber 
(1975) 

15 

0.00112 

0.00111 

0.00102 

20 

0.00282 

0.00281 

0- 00259 

25 

0.00495 

0.00492 

0.00470 

50 

0.0079 

0.00766 

0.00761 

0.00750 

40 

0.0158 

0,0156 

0.0155 

0.0150 

50 

0.0268 

0-0267 

0.0264 

0.0258 

60 

0.0409 

0.0416 

0.0415 

0.0409 

0.0400 

70 

0.0601 

0.0610 

0.0609 

0.0599 

0.0588 

80 

0.0854 

0.0865 

0.0848 

0.0847 

0.0851 

90 

0.1179 

0.1201 

0.1176 

0.1175 

0.1155 

100 

0.1661 

0.1616 

0.1589 

■ 3^8 


TABLE  2*8.  Calculated  relatiTiatic  electron  radial  wave- function 
ratios  /s^  ♦ 


HFS 

HF 

z 

Suslov 

(1969,  1970b  )| 

Dzhelepov  ^ al< 
(1972) 

Calculated  with 
the  codes  of  Fricke 
(1971) 

Mann  and  Water 

(1973) 

35 

0.0078 

0.0076 

ifO 

O.Ol^if 

0.0153 

0.0126 

^5 

0.0185 

0.0182 

0.0176 

50 

0.024? 

0.0244 

0.0237 

60 

0,0400 

0-0394 

0.0385 

70 

0.0594 

0.0583 

0.0572 

80 

0.0856 

0.0836 

0.0821 

90 

0.117 

0.117 

0.115 

100 

0-162 

0.160 

ORIGHSTAC  PAGE  IB 
OF  POOR  QUAIOT? 
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TABLE  2*9.  Amplitudes  P p ' ^ of  the  bound  electron  radial  wave  functions.  (After  Mann  and  Wabert  1973  and 

3C  3C 

private  communication.)  Columns  are  headed  by  atomic  numbers  Z.  (Outermost  electrons  have  been  omitted.) 


1 

3 

• 4 

5 

6 

7 

B 

K 

0.  I2^70e- 02 

0.2965SI-02 

o.5'^fl43e-n2 

10  .ni76*’E-02 

O.n059E-Ol 

0.1739fiF-01 

0.22l?5r-0l 

0.?7?S4F--jl 

LI 

0.0 

0.0 

0.  903ieE-03 

'0.1S727E-n2 

0.?6375>E-02 

O.37220E‘02 

0.49069P-0? 

0.6l«o4€-0? 

LM 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

.0.471 40c -04 

0.  lOOftOF-03 

s 

10 

11 

12 

13 

14 

15 

1 

16  * 

K 

0.  l?762('-ni 

0,  3a434h-Cl 

0.44«lC»7l:-0l 

0.51461E-01 

0.5<l4n5E-Ol 

0*$97C66-01 

0.  ?33‘i4F-Ol 

o.^t364r-di 

L 1 

0.7  5oS'iC-  02 

0.o002?c-02 

0.  109'J4E-01 

C.13042E-01 

0.1523^£-01 

0.17560S-01 

0.20013F-01 

0,?2  5‘>SF-rii 

LU 

0.14 30 2P-  03 

0.1«45«  -03 

0.27?5OE-03 

0.30644r-03 

0.47R2PE-03 

Q.6O‘>0  5E*-O3 

C.70'^40t-03 

0.  5f-0? 

LIH 

0.0 

0.0 

0.  S-36742-03 

0.7l07?t-0  3 

0.93526F-03 

0.1l«50C-02 

0.l47?lF-'i2 

0.17O70F-O? 

M { 

0.0 

0.0 

0.  0 

0.0 

0.35174E-02 

0.49ll7e-  02 

0. 

0.65660F-02 

0.0 

0.0 

f),  0 

0.0 

0.0 

0.0 

0.174165-03 

0,?334SC-^),1 

17 

19 

20 

21 

22 

23 

2*> 

K 

0.fl<5721£-0l 

0.1  0754  r on 

0. 11702?  00 

0,  L2694E  no 

0.t37C?F  OC 

C.14770F  00 

0. 15ft7l»f  op 

LI 

0.25  3Q4E-C1 

0.23140£-01 

o.3ii2^r,-oi 

0.'^4?5Of-0l 

0.375226-Qt 

0.40930F-01 

0.44491*^-01 

0.401 a^F-Ol 

L n 

0. 112C5C-  02 

3. 13i57t-C2 

0.  l?’’3C-32 

0.1P455fc-02 

0.21416E-O2 

0.24673C-02 

0.  2«24lF-02 

0.12161P-0? 

Lin 

’ 0.2t64Ct-02 

•>,Z'i7Z^C~0Z 

0.007ft'’E“02 

0.34272E-02 

0.407ftOE-02 

0.46402F-  02 

0.53354F-02 

0.604696-02 

. 

0.7657cr- 02 

O.P7'36^t-0? 

O.IOZOOP-OI 

O.Uftl?E-Ol 

0.13221F-01 

O.1444SF-01 

C.  I6inf-01 

0.  1’>4o<^F-01 

Ml  j 

0.25  4ft  3r-  03 

3.37310=-03- 

0. '.S051E-03 

0.6007IE-03 

0.7l-5|l6E-n3 

0.‘84345F-  03 

0.  9920ftP-03 

, 0. n i44F-32 

^ 1 1 f 

’ 0.0 

0.0 

0.0 

0.0 

0»n6j?0F-02 

0l  16056F-C2 

C.  l46l0t-0? 

0.211*>2F-02 

MJV 

0.0 

3.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.240AI6-04 

25 

26 

27 

2a 

7? 

30 

31 

3? 

K 

0.17020E  on 

3.13210*  03 

n.  1 «4  4i  f 00 

0.23  724L'  nn 

0.27043E  00 

0.234I6&  nn 

C.74031E  00  ' 

0.24301E  on 

Ll 

0;5?03Cl-0l 

•).54O57!:-0l 

0.60?26i:-0l 

0.6452  J5-01 

O.690ft3F-0l 

0.737?flr- 01 

0.75437£-01 

0. 83701 E-OI 

in 

0.  36406E-02 

0.410431-02 

0.460*'3r-02 

0. 515242-02 
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TABLE  2.10.  Belations  between  form-factor  coefficients  and.  nuclear  matrix  elements 
in  Cartesian  notation.  (After  Behrens  and  JHnecke,  1969;  BUhring,  1963b;  BUhring 
and  SchUlke,  1965  ••) 
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.9  7? 

1.111 

1.157 

1.2ci; 

1 .9bv 

1.190 

1.162 

1.160 

1.287 

20^ 

.975 

.Stic 

1 .099 

1.191 

1.  239 

1.414 

1 .&93 

2.L30 

1. 127 

1.164 

1.127 

1.239 

1.286 

i.soe 

21 

4^76 

.961 

1.C9C 

1.133 

1.233 

1.393 

■1.U7 

•1*.-155 

1.133 

1.227 



'** 

.977 

.‘sdi 

1 • C ti  ^ 

1. 125 

1.230 

1.3C9 

1*109 

1.14? 

1*135 

1*217 

23* 

.97t 

.96? 

1.079 

1.115 

1.225 

1.350 

1.339 

i.aoc 

1.103 

l.d,90 

1.135 

1*206 

1.093 

1.333 

2^*' 

.979 

.963 

1-076 

1,113 

1.22c 

1.333 

X.329 

1.746 

1.0v9 

1M33 

1.134 

U197 

1.090 

1.312 

25 

♦ S79 

.9d3 

1.079 

1.103 

1.219 

1.317 

'1,31b 

1.700 

1.096 

1.127 

1.131 

1.189 

1*086 

1.291 

>&♦’ 

49*^0 

.939 

1.072 

"i.103 

1.2Cti 

1.303 

1.30b 

1.558 

1.099 

1.121 

1.127 

l.lbl 

1.063 

1.272 

27 

.9Bl 

.965 

3.L71 

i*09& 

1.262 

1.290 

1.297 

1*621 

1.092 

1.116 

1.123 

1.175 

1.079 

1.256 

2fc 

“ '■ 

.951 

.9c5 

1 *069 

1.099 

1.1S7 

1.279 

1,28  7 

1.588 

1.090 

1.110 

1*119 

1.169 

1.076 

1.292 

29 

.9c2 

4 906 

1.067 

1.090 

1.191 

1.26b 

1.276 

1.561 

1*087 

1*105 

1*116 

1*164 

1.071 

1*231 

"30> 

.9»,3 

«9tf6 

1.069 

1.08J 

l.lb6 

1.258 

1.265 

1.633 

1.002 

1.100 

1.115 

1.159 

1.067 

1.223 

31 

• 939 

.967 

1 .06? 

1.003 

1.174 

1.243 

1 .27C 

1.619 

1*000 

l*C9d 

1*105 

1.19? 

1.071 

1*222 

■ ‘ 32*' 

.9»5  ■ 

.967 

1.C61 

i.OBl 

1*164 

1.230 

i .25'2 

1.499 

1.077 

1.095 

1.097 

1.133 

1.076 

1.219 

33 

• 9b6 

.96? 

1 .C59 

1.07» 

1,155 

1.219 

1.247 

1.479 

1*075 

1*092 

1.091 

1.130 

1.079 

1.213 

- '3%“ 

• 9h6 

.‘9fcfc 

1.C57 

i'.c75' 

1.197 

1.209 

1.2'f2 

1.959 

1,072 

1.089 

1.065 

1.129 

1.033 

1.207 

35 

4 9d6 

.966 

1.055 

1.072 

1.14C 

1.200 

l«23b 

1,939 

1.07C 

1.C85 

1.081 

1.119 

1.086 

1.199 

• 3Si- 

~ 

.9ab 

.9e8 

i;oi3 

1.069 

i.139 

1.192 

i,239 

1.920 

1 • Cob 

1.082 

1.077 

1.115 

1.088 

1.191 

37 

• ^>15 

• 98P 

1.C51 

1 .066 

1.12t 

1.185 

1.230 

1,902 

I *0o6 

1.079 

1.079 

l.lll 

1.090 

1.189 

“3e~ 

*•936 

• soe 

1.099 

'i.OoS 

1.123 

1.177 

1.226 

1.386 

1.063 

l,07o 

1.071 

1*107 

1.092 

1.177 

3^ 

• 9b6 

.969 

1.097 

1 .Col 

1.117 

1. 170 

1.221 

1.371 

1*061 

1.079 

1.067 

1.102 

1.093 

1.172 

4 937 

♦ 9o® 

1.095 

1.O&0 

11112 

1.162 

1.2lb 

i;369 

1.05V 

1.072 

1*064 

1.C96 

1.094 

1.170 

.937 

• 9b9 

1.C93 

1.C56 

l.iOfc 

1.157 

1.211 

1,397 

1.057 

1.069 

1.062 

1.093 

1.093 

1.169 

^2 

.9bO 

X .042 

1 -C56 

1.105 

1.152 

1.20b 

1.335 

1.055 

l.ot? 

1.060 

1.091 

1.091 

1.159 

93 

.9B8 

.990 

1.091 

1.059 

1.102 

1.197 

' 1.2C1 

1.329 

1.059 

1*065 

1.058 

1.086 

1.090 

1.159 

94« 

.936 

.990 

l.C9t 

L.063 

1.059 

1*143 

' 1.196 

1.319 

1.053 

1*064 

1.057 

1.085 

1.088 

1.150 

95 

• 9ifc 

.990 

1.C39 

1.052 

1.057 

1.139 

1.191 

i.309 

1.052 

1.062 

1.055 

1.083 

1.0»b 

1.195 

9t 

'.9se 

.991 

1.03t 

1 . 05C" 

'i;099  ■ 

17135' 

' 1.167' 

1.295 

l.Osl 

1.060 

1.059 

l.OEl 

1.085 

i;i9i 

97 

.9o9 

.991 

1.03b 

1.099 

1*092 

1.132 

1.182 

1*267 

l.ObCl 

1.05V 

1*052 

1.07B 

1*063 

1.137 

9e* 

• 9^9 

.991 

T.C'37‘ 

1.09& 

1.0 56" 

l'.'T28 

' 1717  b' 

1.279 

1.099 

i.'osd 

1.051 

1.C76 

1.081 

1. 1‘3'4 

99 

• 9<J9 

.991 

1.036 

1.047 

l*ote 

1.125 

1.174 

1*271 

1*047 

1*056 

1.050 

1*074 

1.079 

1*130 

"5C 

■' 

".990 

.■991 

1.C3S 

1.095 

1.086 

1.121 

■'1.169 

1.269 

■ 1.096 

l.OSS 

1.099 

1.073 

1.077 

'1.127 

51* 

• 99C 

.991 

X.034 

l.ObB 

I. Ill 

1.16b 

1*257 

1;044 

1.053 

1*047 

1.071 

1.076 

1*124 

■■  ~Sl~' 

" . 95C~ 

.•?9l' 

‘ l.'C33‘ 

t;5« 

-•r.Trsr" 

r.rrr 

"rnei 

'r.250 

' r.‘ir9T~r.oi2' 

■r.'096 ' 

ITO'69 

" iV61‘< 

ltl2l 

53 

.990 

.991 

1.031 

l.CAl 

1.077 

i.iii 

1.156 

1.299 

1.092 

1.050 

1.099 

1.067 

1.073 

1.119 

59* 

.990 

.991 

i:c3c 

1.039' 

r.'079'  - 

•I.T07 

■■l.ITi 

1 7237 

"17090' 

1.098 

1.093 

l.'C65 

■ 1.072- 

ITUT 
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TABLE  2. A Comparison  of  published  exchange  and  overlap  corrections  (B^^) 
for  selected  values  of  Z. 


Exchange  and  overlap  corrections 


Bahcall 

Vatai 

Martin  and 

Suslov 

Recalculated 

in  this  wQrk  as 

z 

El. 

Blichert-Toft 

described  in 

Sec.  2.5  after  : 

(1963) 

(1970) 

(1970) 

(1970) 

Bahcall 

Vatai 

4 

Be 

0.  900 

0.  816 

5 

B 

0.924 

0.  866 

6 

C 

0,938 

0.941 

0.  903 

7 

N 

0.  948 

0.954 

0.  928 

8 

,,  O 

0.958 

0.962 

0.  944 

T 

F 

0,964 

0.967 

0.953 

10 

Ne 

0.969 

0.970 

0.957 

11 

Na 

0.973 

0.  971 

0.  959 

12 

Mg 

0.974 

0.972 

0.961 

13 

A1 

0.  987 

0.975 

0.  973 

0.964 

14 

Si 

0.924 

0.  988 

0.976 

0.9231 

0.  974 

0.966 

15 

P 

0.939 

0.  988 

0.977 

0..9391 

0.975 

0.968 

16 

S 

0.947 

0,  988 

0.  978 

0.9479 

0.976 

0.970 

17 

Cl 

0.954 

0.  988 

0.979 

0. 9542 

0.977 

0.972 

18 

Ar 

0.959 

0.988 

0.  980 

0. 9589 

0.  978 

0.  973 

19 

K 

0.963 

0.988 

0.981 

0.9600 

0.979 

0,  974 

20 

Ca 

0.966 

0.989 

0.982 

0.9650 

0.980 

0.975 

25 

Mn 

0.976 

0.990 

0.985 

0.9731 

0.  983 

0.979 

30 

Zn 

0,981 

0.991 

0.987 

0.9794 

0.986 

0.983 

35 

Br 

0.  983 

0.992 

0.989 

0.9822 

0.  988 

0.  986 

40 

Zr 

0.990 

0.9844  . 

0.  989 

0.  987 

50 

Sn 

0.991 

0.9878 

0.991 

0.990 

60 

Nd 

. ■ 0.992 

0. 9888 

70 

Yb 

0,  992 

0.9896 

80 

Hg 

0.  992 

0.9898 

90 

Th 

0.992 

0.9899 

'.A 

'O 

12b 

TABLE  2.^  Comparison  of  published  exchange  and  overlap  corrections  (B^) 
for  selected  values  of  Z 


Exchange 

and  overlap 

corrections 

Li 

z 

El 

Bah  call 
(1963) 

Vatai 

(1970) 

Martin  and 
Blichert-Toft 
(1970) 

Suslov 

(1970) 

Recalculated 
described  in 

in  this  work  as 
Sec.  2,5  after  : 

Martin  and 
Blichert-Toft 
(1970) 

Bahcall 

Vatai 

4 

Be 

3.  045 

2,222 

5 

B 

2,432 

1.875 

6 

C 

2,009 

1 . 636 

7 

N 

1.475 

1.738 

1.482 

8 

O 

1.405 

1,580 

1,391 

9 

F 

1,360 

1.496 

1.341 

10 

Ne 

1.309 

1.449 

1.309 

11 

Na 

1 . 283 

1.399 

1.272 

12 

Mg 

1.248 

1.309 

1.209 

13 

A1 

1.250 

1.212 

1.272 

1.186 

14 

Si 

1.199 

1.229 

1.186 

1.205 

1,242 

1.167 

0.  921 

15 

P 

1.  193 

1.211 

1,  169 

1.189 

1,219 

1.152 

0.929 

16 

S 

1.181 

1.196 

1.154 

1.179 

1.200 

1.140 

0.935 

17 

Cl 

1.172 

1.183 

1.  143 

1.168 

1 . 185 

1.130 

0,  940 

18 

Ar 

1.162 

1.170 

1.132 

1.159 

1.  171 

1.121 

0.  944 

19 

K 

1.  153 

1.158 

1,  120 

1 .150 

1.  157 

1.111 

0.  946 

20 

Ca 

1,145 

1.149 

1.113 

1.140 

1,  141 

1.099 

0.  948 

25 

Mn 

1,112 

1.116 

1.  085 

1.108 

1.108 

1.074 

0.  958 

30 

Zn 

1.090 

1.095 

1. 070 

1. 090 

1, 085 

1 . 067 

0.  967 

35 

Br 

1 . 075 

1.077 

1, 060 

1,07  5 

• 1. 072 

1.055 

0.  971 

40 

Zr 

1,050 

1.064 

1.060 

1,045 

0.  974 

50 

Sn 

1.037 

1,050 

1.  045 

1.035 

0.  978 

60 

Nd 

1 . 029 

1,040 

0.  980 

70 

Yb 

1.025 

1,035 

0.  981 

80 

Hg 

1 . 022 

1,031 

0.  982 

90 

Th 

1.021 

1, 028 

0,  982 

00 


TABLE.  2.y\  Comparison  of  published  exchange-  and  overlap  corrections 

and  Bv-)’  for  selected  values  of  Z 
' M N' 


Exchange  and  overlap  corrections  B.  , 

t El  Bahcall 

(1'963). 

Martin  and 

Vatai  B'lichert-T'oft 

C197'0,>  (1970'>  . 

S'uffiov 

tI97'0> 

Recalculated  in.  this 
work  a-s  described 
in  Sec.  2,.  5 after 

Vatai 

(1970) 

Recalculated  in  this 
work  as  described 
in  Sec„2.5  after 

Bahcall  Vatai 

Bahcall  Vatai 

4 Be 

5 B 

6 C 

7 N 

8 O' 

9'  , F » 

10.  'Ne 
11  Na 


12, 

Mg 

2„  13.4 

l.,651 

13 

A1 

1 . 432 

1 . 628'  ' 

1.960 

1..541 

14 

S'i 

1.804 

1.408, 

1 . 5.1 0 

1 . 7'69' 

1 . 829 

1.463 

15. 

P 

1..7L1 

1 . 383, 

1.434 

1.686, 

1..733 

1.411 

16. 

S: 

1.639 

1. 369 

1.388’. 

l.,621 

1.66.1 

1..375. 

17 

Cli 

1.5.79 

1 . 346. 

1 . 358'. 

1 . 567 

1.6.03 

. 1 . 348 

18'.' 

Ar 

1 . 530 

r..3'27 

1 . 328'. 

1.  522, 

1 . 549' 

1 . 322. 

19 

K 

1 . 48‘9’ 

1..315 

1.285. 

1 . 486. 

1.489' 

l.,288. 

20 

Ca 

1.454 

1 . 2,99 

1 . 2:55. 

1 . 453 

1.414 

■ 1. 2,3.9 

2...  139 

1.593 

2.5' 

Mn 

1. 335 

1..241 

1..2'2,6 

1.339 

1..317 

1.214 

1 . 283 

1,7  00 

1.318 

30 

Zn 

1.2'66 

1 . 2:02 

1.190' 

l.,273 

1..258 

1.186, 

1.236 

L.538 

1.265 

35. 

B'r' 

1.222 

1.  no 

1.  15,0) 

1.20.0 

1.  140 

1.215. 

I..459 

1..238 

40 

Zr' 

1..12-1 

1.162. 

1 1.1 12. 

1.359 

1..216 

50 

S'n 

l.,0;93 

1.  121 

1.,'086, 

1.264 

1. 169 

60 

Nid 

1. 070 

70’ 

Yb. 

n062, 

8.0 

Hg. 

L.05.6- 

90' 

Th 

1 . 051 

VwTV. 

VO 
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TABLE  Comparison  of  exchange  and  overlap  corrections  for  L/K  ratios 


Exchange  and 

overlap  corrections 

z 

El 

Bah  call 
(1963) 

Vatai 

(1970) 

Martin  and 
Blichert-Toft 
(1970) 

Suslo  V 
(1970) 

Faessler 
et  al. 
(1970) 

Faessler 
et  al. 
(1970V^ 

Recalculated  in 
as  described  in 
after: 

this  work 
Sec.  2 . 5 

Bahcall 

Vatai 

4 

Be 

3.  504 

2.947 

3.  383 

2.723 

5 

B 

2.633 

2.  164 

6 

C 

2.  134 

1,811 

7 

N 

1.556 

1.822 

1.597 

8 

O 

1.467 

1.642 

1.474 

9 

F 

1.411 

1.547 

1.408 

10 

Ne 

1.351 

1.494 

1.368 

11 

Na 

1.319 

1.441 

1,327 

12 

Mg 

1.281 

1.347 

1.258 

13 

Al 

1 . 2,6  6 

1.243 

1.307 

1.230 

14 

Si 

1.298 

1.244 

1.215 

1.293 

1.275 

1,208 

15 

P 

1.271 

1. 226 

1.  197 

1.266 

1.250 

1.190 

16 

's 

1.248 

1.210 

1.  180 

1.243 

1,230 

1.176 

17 

Cl 

1.228 

1.197 

1.  168 

1.224 

1.213 

1 . 163 

18 

Ar 

1.212 

1.184 

1.155 

1.208 

1.207 

1.195 

1.  197 

1.152 

19 

K 

1.197 

1.171 

1.142 

1.  194 

1.182 

1.  140 

20 

Ca 

1.184 

1.162 

1.  133 

1 . 181 

1.164 

1 . 127 

25 

Mn 

1.139 

1.127 

1.102 

1.  139 

1.  135 

1.127 

1.  127 

1.096 

30 

Zn 

1.  112 

1.104 

1. 084 

1.113 

1.  110 

1.103 

1,100 

1.082 

35 

Br 

1.093 

1 . 085 

1.072 

1. 094 

1.085 

1.07  0 

40 

Zr 

1.061 

1. 081 

1. 072 

1.059 

50 

Sn 

1.046 

1. 063 

1.055 

1.046 

60 

Nd 

1.037 

1.052 

70 

Yb 

1.033 

1.  046 

80 

Hg 

1 . 030 

1.042 

90 

Th 

1.029 

1. 038 

it 

Takes 

into  account 

rear  rangement 

in  final  state 

ON 

o 


12e 


TABLE  2.^  Comparison  of  exchange  and  oyerla; 


Exchange 

and  overlap 

corrections 

^M/L 

Bahcall 

Vatai 

Martin  and 
Blichert-Toft 

Suslov 

Z El 

(1963) 

(1970) 

(1970) 

(1970) 

10 

Ne 

11 

Na 

12 

Mg 

13 

A1 

1. 584 

1.146 

1.343 

14 

Si 

1.506 

1.146 

1.273 

1.482 

15 

P 

1.433 

1.144- 

1.227 

1.419 

16 

S 

1.387 

1.140 

1.203 

1.375 

17 

Cl 

•>1,347 

1.138 

1.  188 

1.341 

18 

Ar 

1.316 

1.134 

1.  173 

1;314 

19 

K 

1.291 

1.137 

1.  147 

1-.  292 

20 

Ca 

1.270 

1.123 

1. 128 

1,275 

25 

Mn 

1.201 

1.112 

1.  130 

1.209 

30 

Zn 

1.161 

1.098 

r.  112 

1.168 

35 

Br 

1.137 

1.086 

1.  085 

1.143 

40 

Zr 

1.068 

1.126 

50 

Sn 

1.054 

1.  101 

60 

Nd 

1.040 

1,086 

7 0 

Yb 

1.036 

1,.  076 

80 

Hg 

1.033 

1.070 

90 

Th 

1.029 

1.066 

* Takes  into  account  rearrangement  in  final  state 


Eaessler 
et  al. 
(1970) 

Faessler 
et  al. 
(1970)^<- 

Recalculated  in  this 
work  as  described  in 
Sec.  2.5  dfter 

Bahcall  Vaiai 

1.630 

1.366 

1. 541 

1.300 

1.473 

1.255 

1.422 

1.225 

1.383 

1.'206 

1.353  ‘ : 

1.193 

1.311 

1.289 

1.323  1 

1.179 

1.287  i 

1.160 

1.239 

1.127 

1.  190 

1.178 

1.189 

1.131 

1.153 

1.147 

1.159 

1.115 

1.119 

1.081 

1.094 

1.061 

1.073 

1.049 

H 


TABLE 
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Comparison  of  exchange  and  overlap  corrections  for  N/M  ratios 


z 

El 

Vatai 

(1970) 

Recalculated 
described  in 

in  this  work  as 
Sec.  2 . 5 after  : 

Bah  call 

Vatai 

18 

Ar 

19 

K 

20 

Ca 

1. 506 

1.286 

25 

Mn 

I.  034 

1. 291 

1. 086 

30 

Zn 

1. 028 

1.223 

1. 067 

35 

Br 

1.  038 

1.  199 

1. 086 

40 

Zr 

1.  170 

1. 094 

50 

Sn 

1.127 

1. 077 

60 

Nd 

70 

Yb 

80 

Hg 

90 

Th 

o\ 

ro 


table  3.  1 Methods  that  ‘have  been  used  .for  the  'deteranination  of  .electron 
capture  probabilities. 


No. 

■ Method 

■ Source 

Detectors  ^ 

,Mea<sured 

. Deduced 

Estimated 
accuracy 
of  the  method 
. {.percent) 

1 

Spectroscopy  of  K.  L and  M events 

internal 

mw 

W VA 

1 

without  x-ray  escape 

gaseous 

NaI,(Tl) 

2 

Spectroscopy  of  K and  L events  with 
complete  K x-ray  escape 

intexnal 

gaseous 

pc 

■5 

3 

.Spectroscopy  -of  K,  L and  M events 

Iziterxial 

gaseous 

pc 

'^mA 

1 

4 

Cloud  chamber  technique 

internal 
. gaseous 

cc 

.20 

5 

Spectroscopy  of  K,  L and  M events 

internal 

solid 

Na-I(Tl') 

-CsIfTl) 

CsI(Na') 

.Cs2pt(CN,)^H2^ 

■Ge(Li) 

1. 

V^i. 

1 

6 

'Spectroscopy  of  K and  L x rays 

■external 

solid 

pc 

Nal(Tl) 

I /t 

^LXi-y/^iOC-Y 

.10 

table  3.  1 (continued) 


No. 

Method 

Source 

Detectors  ^ 

Measured 

Deduced 

Estimated 
accuracy 
of  the  method 
(percent) 

7 

Measurement  of  (K  x-ray)-(L  x-ray) 

external 

pc 

^KX-LX, 

8 

coincidences 

solid 

Nal(Tl)  ■ 

^LX  ,^KX 

8 

Spectroscopy  of  K x rays  and  Y rays 

external 

pc,  Nal(Tl) 

'W\ 

8 

solid 

Ge(Li)  , 

9 

Spectroscopy  of  K x rays  or  K Auger 

external 

sd 

^KX'^^eK 

15 

electrons  and  K conversion  electrons 

solid 

Nal(Tl) 

■ka/‘,k 

'^K 

10 

1 Determination  of  K x ray  emission  rate 

external 

pc 

^KX’^o 

1 

and  disintegration  rate 

solid 

Nal(Tl) 

11 

Measurement  of  (K  x-ray)-(Y-ray) 

external , 

pc,NaI(Tl) 

^kx-y'^S 

coincidences 

solid 

G'e(Li) 

5 

Si(Li) 

^KX-y1“Y2'^^Y1“V2 

12 

Measurement  of  (K  x-ray)-(Y-ray) 

external 

Nal(Tl) 

5 

coincidences  at  different  levels 

solid 

Ge(Ll) 

Si(Li) 

^kx-ye'^Sz 

13' 

Measurement  of  (K-event)-(Y-ray) 

external 

, pc.Nal(Tl) 

i 

coincidences 

solid 

CsI(Tl)  ^ 

'^K 

3 

AjJ 

On 


TABLE  3.  r (.continued)' 


1 

No. 

Method 

Source 

a. 

Detectors. 

Measured 

Deduced 

Estimated 
accuracy- 
of  the  me'Uiod 
(percent)' 

Measurement  of  (K  x-ray)-(Y-ray)sum' 
coincidences. 

external 

soil'd 

NaI(-,Xr)' 

C'M(^1): 

^KX+Y'^S 

P 10' 
K K 

8. 

G-e('Li)‘ 

^KX:+Y1+-Y2'^Si'+-Y2- 

Measurement  of  (K  x-ray) -('Y'-ray)'t  and 
(K  x-ray)-(K  x-ray)or('K  x-ray)-(K 
conversion  electron)'coincidences 

external 

solid 

NaI(,Tl); 

si(Li);- 

sd 

r /r 

kx-y'  Y- 

^KX’-KX^Vx 

^KX-eK'^^eK' 

3; 

Measurement  of  (K  x-ray)'-(K  conversion 
electron)  and'  (K  x-ray)-(L'  conversion 
electron)'  coincidences- 

external 

solid 

Nad{,Tl’)j 

ad 

^KX-eK'^^eK 

r /r 

KX.-eL,'^  eL. 

3 

Measurement  of  (K  Auger  .electron)’— 
(K  conversion  electron)  and  (K.  Auger 
eloctron)-(L.  conversion  electron) 
coincidences 

external 

solid 

sd,  si' 

I‘  /l 

e-K 

3 

Measurement  of  (K  x-ray)-(K  conversion 
electron  coincidences 

external 

solid 

pc„  sc 
Nal(Tl)' 

^KX-eK'^^eK. 

5 

G'e(Ei)' 

^KX-eK^^KX: 
^eK.’  ^KX 

7 

U) 

O 


TABLE  3,1  (continued) 


No. 

Method 

Source 

Detectors^ 

Measured 

Estimated 
accuracy 
of  the  method 
Deduced  (percent) 

19 

Measurement  of  (K  x-ray)-(Y-ray)- 

external 

N.KT1)  Ikx-v-. 

Ge(Li)  ^ ^ 

^k“k 

5 

(K  or  L conversion  electron) 

solid 

coincidences 

lKX-Y-ej^/\-ej^ 

■"k 

20 

Spectroscopy  of  K events  and  positrons 

internal 

pc 

6 

(no  K X ray  escape) 

gaseous 

21 

Spectroscopy  of  K events  and  positrons 

internal 

ape 

V''6* 

3 

(no  K X ray  escape) 

gaseous 

22 

Spectroscopy  of  K events  and  positrons 

internal 

Nal(Tl) 

2 

solid 

23 

Spectroscopy  of  K Auger  electrons  and 

external 

gm.  pc  ' 

w 

9 

positrons 

solid 

24 

Spectroscopy  of  K x rays  and  positrons 

external 

NaI(Tl),a(U). 

V‘’b" 

1 

s olid 

pc 

25 

Spectroscopy  of  K x rays  and  5 

external 

NaI(Tl),a(U), 

w 

1.5 

annihilation  photons 

solid 

pc,  Ge(Li) 

o\ 

ON 


TABLEi  .,3/  1 (’continued)' 


, 

N-0'., 

Method 

Source 

©etectoES^ 

Measuxedi. 

Estimated, 
accuracy 
ol  the-  method’ 
©educed  (percent*). 

26 

Spectroscopy  of  nuclear  and  0 
annihilation  photons' 

external 
s olid 

Nrar(Tl)„G'e, (.©£); 

3; 

27 

Measurement  of  (positron')-(-Y  ray) 
coincidences 

external 

solid 

pc>.  pl' 

NaI(Tl),.G'e(Iii)' 

Z..S 

28, 

Measurement  of  (positron)-(Y  r,ay)N 
and  (positron)-(Y  ray)S  coincidences 

external. 

solid 

pc.  Nal(TL)' 

^e:-YN”^h-YS; 

0...3, 

29- 

Measurement  of  ('Y  ray)-51'l  KeY  y)~ 
.('511  keV  y)  triple  coincidences 

external- 

solid 

ISraI(-,Tl)iGe('Li); 

^Y.”  ^triple*. 

2 

30 

Measurement  of  (,Y  ray)-511  keV 
0 annihilation,  photon  coincidences 

external 

solid 

NaI('Tl),,  Ge(Li'), 

3. 

31 

Miscellaneous 

- 

- 

- 

"i 

The  folio-wing  abbreviations-  are  used:  apc„  anticoincidence  proportional  counter;:  cc,,  cloud-  chamber;, 
gm,  G'eiger-Mull'er  counter;  pc,,  proportional  counter;  pi,,  plastic  acintillator::*.  mw,,  multi-wire.- 
proportional  counter;'  sc,  semiconductor r.  sd-  dbuble-fbcussing,  spectronaeter;',  se„  lens  spectrom'eter.. 


VjJ. 

On 

-<3. 


TADIjE  3.2  Experimental  electron  capture  values 


Final  . 

b 

c 

2: 

A (keV) 

state  J. -^jy 
(keV)  ‘ ^ 

Pm/"”!. 

P /P  P (iJ  P 

/ K K K K 

Mg' 

thod 

Reference 

17  Cl 

36  1144 

0 2‘''-0‘'' 

0.112  +0.008 

1 

Dougan(l962b) 

18  Ar 

37  814 

4* 

0 A -3 

2 2 

0 092 

-0.005 

2 

ljangevin(l  955  c) 

0.102  +0.008 

2 

Kiser(l959) 

0.103  +0.003 

1 

Santos -Ocampo(1960) 

• 

0.0971+0.0005 

1 

Manduchi(1961) 

0.1-02  +0.004 

1 , 

, Dougan(1962a) 

0.102  +0.003 

1 

■Winter(l  964) 

0.097  +0.003 

1 

Heuer(1966) 

0.  098  +0.  003 

- 1 

Totzek(1967) 

0,  104^®* 

-0.003 

3 

Renier(l  968) 

0.098  +0,002  • 

1 

Krahn(1972) 

19  K 

40  1505 

1460;0  4~-2'^;0''‘ 

1.34  +0.35 

8 

Heintze(1954) 

0.34  +0.08 

5 

McCann(1967) 

23  V 

48  4015 

several 

0.  104  +0.  0 04 

0.44  -40.09 

8 

1 

A2rrian(1968) 

Bertmann^l972) 

2297  4-4 

several 

0.115  -40.015 

0.2005  + 0. 0030 

1 

11 

Bertmann(1972) 

Albrecht(19757 

23  V, 

49  601 

0.  7"  7" 

0.  106  +0.  004 

1 

Krahn(1972) 

2 2 

c^ 

CO 


TABLE  3.2 


“EC 

Z,  A (keV) 

Final 

state 

(keV) 

J. 

24  Cr  -51  751 

320;0 

2 2’  2 

0.10  +0.02 
0. 1026+0. 0004 

320 

7"-5" 
2 2 

• 

320- 

0.  1044+0.0021 

320;0 

0. 1033+0.  0031 

320 

. 

25  Mn.  54  1374 

835.5 

3+-2-^ 

0.098  +0.  006 

0.106  +0.003 


^k'"k 

Me- 

thod 

c 

Refer  cncti 

7 

Konstantinov(  1961) 

1 

Fasioli(19'62) 

0.227  +O.Q03 

10 

Taylor(1963) 

. 

1 

Heuer(1966) 

1 

Heuer(1966) 

0.196  +0.016 

11 

Mukerji(  19,67  b) 

0.901+0.006 

13 

Kramer  (19, 62  a) 

1 

Moler(1963) 

0.267  +0.004 

10 

Taylor(1963) 

1 

Manduchi(i  963 ), 

0,243  +0,012 

10 

Leistner(l  965) 

0.2514+0.0017 

10 

Bambynek(  1967  a) 

0..250  +0.  005 

10 

Petel(1967) 

0.2492+0. 0017 

11 

Hammer(1968) 

0.900+0..014 

10 

Dobrilovic(1972) 

0.247  +0.009 

11 

Mukerji(l9’73) 

t 

f . 


w 

a^ 

VO 


table  3. 2 (continued) 


0.  106  +0..005 

0.117  +0..001  0,157+0.003' 


27  Co  57  837  136  7"_5" 

2 2 

136 

136:706  l'_5".5"  6.099  +0.011 
2 2 ’2 

136 

136 

136 

706  7"^' 


27  Co 

■58  2308 

1675:810  2'‘’-2‘‘';2’*' 
1675:810 

0.107 

+0. 004 

28  Ni 

56  2133 

1720 

't'  *{* 

0-1 

0.115 

+0. 006 

28  Ni 

57  3243 

several 

0, 100 

+0.006 

28  Ni 

59  1073 

‘ *• 

0 

3".7“  ■ • 
2 2 

0. 121 

+0. 002 

0.20  +0.13 


0. 15  +0.02 
0.088+0.040 


b 


c 


thod  Reference 


1 

Scobie(1959) 

1 

Manduchi(1962  a) 

1 

Moler(1963) 

1 

Pengra(1972) 

9 

Moussa  (1956) 

0.254  -+0.011 

11 

Kramer(1962a) 

1 

Moler(1963) 

0.262  +0.008 

11  , 

Thomas(1963) 

0.3044+0.0043 

11 

Rubins  on(  1968) 

0.87  +0.02'’'ll 

Bosch(1969) 

0.92  +0.03'*' 11 

Bosch(1969) 

0.317  +0.006 

11 

Mukerji(1973), 

1 

Moler(1963) 

0.3050+0.0022 

10 

Bambynek(  1968b] 

1 

Winter(1967) 

1 

Winter(1967) 

1 

Chew(1974a) 

370 


b 

P 

K 

Me- 

thod 

c 

Reference 

0.369  +0.023 

11 

Perrin(1960) 

7 

Konstantinov(196l ) 

1 ‘ 

Santos -Ocampo(  19  62) 

0.878+0. 006 

13 

Kramer(1962a) 

0.400  +0.006 

10 

Taylor(1963) 

. 1 

Totzek(1967) 

5 

McCann(1968) 

0.3927+0. 0026 

11 

Hammer(1968) 

0. 3894+0.  00X6 

10 

BambynQk(l  968a) 

1 

Krafft(1970) 

1 

Krafft{1970) 

0.386  +0.010 

11 

Mukerji{1973) 

2 

Langevin(l956) 

1- 

Drever(I959) 

7 

Konstan.tinov(l  961 ) 

1 

Manduchi(1962) 

1 

Genz(1971a) 

0.85  +0.05 

16 

Kyles(l970) 

371 


tab  LB  3,2  (continued) 


z 

^EC 
A (keV) 

Final 

state 

(keV) 

1 f 

b 

^LM. , 

Ivle- 

thod 

C 

Reference 

33  As 

74  25'64 

several 

0,  085 

+0.020 

2 

Scobie(1957) 

34  Se 

75  865 

• 401 

5-5 

0.457 

11 

Perrin(1960) 

2 2 

0,460  +0. 004 

11 

Rao(1966  b) 

0.462  +0.012 

11 

Raeside  (1969) 

. 0.516  +0. 021 

11 

Chew(1973) 

36  Kr 

79  1631 

several 

0,27 

+0.09 

4 

Radvanyi(1955a) 

0,26 

+0.03 

2 

Langevin(l  955a) 

• 

0,108 

+0,005 

1 

Drever(1959) 

36  Kr 

81  290 

0 

7"'‘_3* 

0. 146 

+0,005 

1 

Chew(1974b) 

2 2 

37  Rb 

83  1.038 

571;562 

5“_3";3" 

0. 121 

+0.002 

5 

Schulz(1967a) 

2 2 '2 

571  , 

0,128 

+0.002, 

5 

Goedbloed(1970  b) 

562 

0, 132 

+0.002 

0. 164+0.002 

5 

Goedbloed(1970b) 

37  Rb 

84  2680 

880 

«■  *1* 
2 -2 

0.580. +0.025 

11 

Welker(1955) 

• 

0.116 

+0. 002 

5 

Schulz(1967a) 

' 

■ 

0.119 

+0. 002 

5 

Goedbloed(197  0 b) 

38  Sr 

85  1064 

514 

9^-5.^ 

• 

0.88+0.04'^ 

11 

Bisi(1956  a) 

2 2 

0.5959+0.0035 

11 

Grootheer(1969) 

0.586+0,003' 

10 

B ambynek(  1970) 

TABLE  3.2  (continued) 


~ a Einal 
'^EC  state 
2 A (keV)  (keV) 


1 f 


P /P 

L 


^LM. . 


P UJ 
K K 


c 

Me- 
thod Kefeirence 


39  Y -88  3619  2734  4"-3" 

2734;1836  4~-3‘.2’'‘ 

f 

42  Mo  93  398  . 30;0  5,^4.".9'‘’  0.36 

2 2*2 

43  Tc  97  347  0 0.21 

..  . 2 2 

45  Rh  101  554  325d27 

2 2 2 

46  Pd  103  553  several 


+0.04 

+0. 14 
-0.10 


0.6290+0.0032 

11 

Grootheer(1969) 

0.613  +0.004 

10 

Bambynek(1973) 

6 

Hohmuth(1964) 

'6 

'"Katcoff(1958) 

0.65 

11 

Perrin  (I960) 

0.56  +7 

8 . 

Avignon{1953) 

0.95  ' 

9 

Avignon(1955) 

47Agl05l3'41  344 


1088 


48  Cd  109  182  87.7 


2 2 

i"-i" 
2 2 

-4  + 
5 _7 
2 2 


0.128  +0.003 
0.  152  +0.002" 

0,32  +0.04 


0.28  +0.03 


0. 195  +0.005 

- e 

0.237  +0.015  0.22,3+0.020 
0.193  +0.003 


0.228+0.  003 
, - £ 
0.267+0.015 

0.26  +0.03 

0.226+0.003 


5 Schulz(196?d; 
5 Schulz(1967d) 


5 Der  Mateosian(1953) 


6 

0.805+0.027  8 

5 
2 

18 

5 


Bertolini(1954) 

Wapstra(1957) 

Leutz(1965) 

Molei-(1965) 

Durosinmi-Etti(1966) 

Goedbloed(1970a) 


TABLE  3.2 


(continued) 


n '■  ^ 

Final 

1 f 

b 

c 

- 

z 

®EC 
A (kcV) 

state 

(keV) 

^LM'.  . /^K 

Me- 
thod . 

Reference 

49  In 

111  • 826 

419- 

2 2 

0.867+0.007 

17 

Sparrman(1966) 

<?9In 

114”h623 

1283 

5‘‘'-4’  . 

0.75 

11 

Perrin(1960) 

50  Sn 

113  1025 . 

648 

l‘''_3‘ 
2 2 

0 

-0.07 

11 

Bhatki(1957) 

648  ■ 

648;393.  l'^_3".l“ 
2 2 '2' 

0,44  +0.04 

. S 

0.223+0. 020 

l.Ol  +0.17'*' 

11 

1 

Greenwood(196l ) 
Manduchi(1964) 

393 

1^1- 
• 2 2 

0.16  +0.02 

18 

Durosinmi-Etti(l  966) 

648 

l‘''.3~ 
.2  2 

0.75  +0.10'^ 

11 

Bosch(1967) 

53  r 

125  177*^ 

35.5 

5'^.3+ 
2 2 

0.77  +0.08 

8 

Friedlander(l  951b) 

0.23  +0.03 

. 5 

Der  Mateosian(1953) 

. 0;2543  +0.0027 

5 

Leutz(1964) 

0.253  +0.005 

5 

Smith(1966) 

0, 685+0.018 

' 

11 

Karttunen(I'969) 

0. 699+0. 030 
0.685+0.012 

11 

11 

Tolea(1974) 

Plch(1974a) 

TAB  LE  3.2  ( c ontinu  e d) 


„ , , 

,, 

^ a Final 
“eC  state 

Z A (keV)  (keV) 

1 f 

b 

-Me' 

tho'd 

c 

'Reference 

53  I 1.26  2151’  several 

I'^.i'^ 
2 2 

j . +0.005 

-0,018 

’5 

Scobie(1958) 

■54Xel27  664  375 

0..'7'054'0.  '0"04 

•11 

Bresesti(1964) 

203 

l".3" 
2 2 

■ 

0/75'0+0v’'01'6 

11 

Bresesti(i964) 

375 

I'^.l'^ 
2 2 

0.'53  +0.05 

•11 

Winter  (1965b) 

375;203;0 

l■^J.^3+ 
2 2 *2 

0. 18’3  +0.025 

2 

1 

Wihtef(-i'965b) 

55  Cs  131  355  0 

5^3-^ 
2 2 

0. 153  +0. 008 

'5 

Joshi(i9'60) 

55  Cs  132  2099  several 

56  3a  12C  700  273 

56  Ba  131  1340  696;620 

0.  155  +0.  002 
0.  136  +0.  001 
0.135  +0.009 

0.  734+0. O06 

■0-.7i  1 0.O5’'' 

5 

11 

5 

li 

5 

Schuia(1967a) 
Plc'h(l9’74'b) 
Govefse(l074a) 
r-oj,-;c:if,:974)  ' 
Sfnith(1963) 

563a  133  516^  137  , 

1 

2 2 

■0,  202 

•ft  ’Ak 

0,4r9+0.0l5  '-0.04 

;1 1 
11 
11 

KoiJ:-i/;>;'5C.) 
Gupta{iv5Sb) 
Rarnas-,/arny(1960)  ’ 

0.  31'9+0vO'l3 

19 

Thuh(1966) 

384 

2 2 

0,371  +0.007 

0,221  +0,005 

* 1 

5 

5 

Scnuli(1967c) 

Schulz(1967c) 

TABLE  3.2 


_ a Final  „ _ 

“eg  state 

Z A (keV)  (keV)  ’’ 


■56.Bal33  516^  437 


0. 67  +0. 15 


437 

437 

437 
_ 384 
437 
384 

437;384  ' 

57  La  138  1794  1426  5“-2‘‘' 

58  Ce  134  500  0 O"''-!''' 

58  Ce  139  275  165' 

2 2 

165 

165 

165 

165 

165 

m 

165 

165 

165 


6 

McDonnel(1968) 

0.45 

+0.04 

19 

TOrnkvist(1968) 

0.576+0.038 

4* 

14 

Narang(l  968) 

0.47  +0,02 

6 

Bosch(1969) 

0. 644+0.034 

11 

Schmidt-Ott(1972) 

0,72  +0.06 

11 

Schmidt-Ott(1972) 

0.76  +0.06’'' 

14 

Das  Mahapatra{1974) 

o 

CO 
t +■ 

o 

o 

14 

Das  Mahapatra(1974) 

0.79  +0.07 

14 

Das  Mahapatra(l  974) 

1.4 

+0.25 

S 

Turchinetz(l  956) 

0.72  +0.08 

8 

Aleksandr  ov(  1 972 ) 

0.  21 

15 

Pruett(1954) 

0.37 

+0.02 

15 

Ketelle{i956) 

0.83  +0.04’'’ 

11 

Stan£ord(l960) 

0.  68  +0.  02 

17 

Marelius(1967) 

0.750+0.010 

16 

Adamowicz(  1 9 68 ) 

0.69  +0.02 

13 

Vatai{1968) 

0.707+0.018 

11 

Schmidt-Ott(1972) 

0.649+0. 017 

+ 

0.68  ±0.03 

H 

0.  639+0, 006 

11 

Plch(1975) 

0. 726+0. 010 

15 

Hansen(1975) 

0.  66+0,  06 

C,7  3±C.07 

14 

Losuahapatr?  (19754) 

GJ 

'O 


TfVi;L.E  3.2  {continued) 


• * > t 

z 

A (keV) 

Final 

state 

(keV) 

2 t 

•o  /-o 

h - 

C 

Ivle- 

thod 

ilefo'J'i'.'icc 

60  Nd  140 

470  0 

0^1-^ 

0,3 

41,  6 , 

• 

6 

Vitman(1960) 

-u.  / 

. 

0.  745-tO,  048 

8 

■3ayer(1972)  , 

61  Pinl45 

170^  several 

1,8 

6 

Carey (1952) 

67  ■ 

5-3 

' 

0,85  +0,03 

16 

Brosi(l'95.9) 

67 

2 2 

■0,  55S+0.  022 

11 

T,olca(1974) 

72 

0. 509+0. 022 

11 

Tolea(197.4) 

2 2 

62  Sm  145 

647^  several 

X 

2,0 

6 

Caxey(1958} 

492 

7 _3 

0.61  +0.10 

15 

Brosi{1959) 

2 2 

61 

l"_5^ 

• ;0. 20  ,+0.02 

16 

Bro'si(1959)  • 

several 

2 2 

0.6 

+3.0 
-fj  A 

X 

6 

Vitman(1960j 

492 

“*w»  O 

0.,27  +0,03 

11 

Mys.K'k(197l) 

03  Eu  IS2 

lSii6  1529 

3 “-2^  ■ 

0.78 

11 

Perrin(l  960) 

1529 

0.79  +0.02 

l.u{'i962) 

1529 

0.71  +.0.08 

14 

, Basinaiia  pa  tra{  1975a) 

1234 

3 -3^ 

0,82  +0. 10 

14 

Dasma’hapatra(l'575al 

several 

0,55  +0.02 

a 

Dasmahap3,tra(:972) 

63  Fu  15^^1936  950 

O'-l" 

0,.82 

11 

Pcrrin(l  960) 

64  Gd  151 

484^^  350 

7“.9’ 

0.  6‘64+0,  009 

11 

Genz(I973c) 

2 2 

307 

7‘.3'’' 

0,754+0,014 

11 

Ger.z(I973c) 

2 2 

64  Cd  153 

490^  103 

+ + 
3 

0.  679+0.. 020 

14 

Gupta(i956) 

103 

2 2 

0.42 

15 

Bhattacherjee(1956) 

10.3 

0.543+0,006 

14 

Bisi(l  9561i) 

97:103  • 

4-4 

1-5  1.. 

0.34  +0.02 

5 

Lieutz(l  960)1 

2 2 2 

, 

, 

173 

4 4 

3 .5 

0.8S  +0..3.0 

5 

Xjcutz(l  96c} 

2 2 


VjJ 

-n3 


table  3.2 

i 

(continued) 

E 

Final 

b • 

c 

Z A 

^EC 

(keV) 

State 

(keV)  " ^ 

/P  ' P lU 

. ' K K K 

P Me 

thod 

Reference 

64  Gd  153 

490^ 

. 173 

0.375+0.022 

11 

Blok  (1962) 

103 

0.66  +0.07 

11 

Blok(1962) 

97 

■ 

• 

0.67  +0.05 

11 

Blok(1962) 

173 

' 

0,35  +O;03 

11 

Cretzu(1964) 

65' Tb  157 

6<1*^  D 3 ■'■-3“ 

2.  64  , ‘ 

6 

1 hat(!',  L2) 

2 2 

2.18 

, 

6 

FujiVvai-ai  1 '/  64) 

2,65  +0,20 

6 

Naumann(1967) 

66  Dy  159 

365 

0;58  3"_3’‘'.5'‘' 

1.0  +0.3 

6 

Grigorev(I958b) 

2 2 2 

0;58 

0 3 ■ 

-0.3 

6 

Vitrnan(1960) 

58  3 ■,5'*' 

' 

2 ,2 

0.-85  +0.  lit  11 

Greenwood{1960) 

0 3"_3’*‘- 

0. 198+0,  009 

JLieiper(1971 ) 

2 2 

5 

58  ' 3 ".S"^ 

2 2 

0. 752+0. 024 

11 

Genz(1973  c) 

67  Ho  160 

2920 

several 

1 2 

-1.1. 

;©  ^ 

• 

6 

VLt:'.'.an(l  ' 

68  Er  160 

800 

60 

0.795+0.020  8 

Aleksandrov(1972) 

60  Cr  165 

371 

1 

1 

0 

1.2  +C<.4 

6 

Grij^i.  re  v( , ob) 

70  Yb  166 

260<*- 

*}* 

82  2 -2 

0 68 

,-0.02 

14 

Jasin.'^ki{1963a) 

72  Hf  175 

607^ 

433  s'*'.?'*’ 

• 

0.  64  +0.04 

11 

Funke(1965) 

2 2 

. . 

. 

433 

0,712+0.008  16 

Jasinski(1968) 

343 

2 2 

0.  767^0;  ^30 

Jasinski(1968) 

TABLE'  3.2'  (continued)' 


z 

'^EC' 
A (keV)' 

Pinal 

state 

(keV) 

1 I 

^k'^k' 

c 

Me- 

thod’ 

Reference 

73  Ta  177  1158 

1058 

1^-7.” 

0L42,  +0!..0.7‘^' 

16 

West(196.l) 

2 2 

73  Ta.  179  1'19«- 

0 

7^/ 

r.  4 +0. 4 

6 

Bl'si,(1956c) 

2 2 

0>.  63  +0.  06 

6 

JOpsOn(1.96l), 

74  W 178  89 

0 

0^'-l  + 

OI.2.9.'  +0.  02'. 

8 

Niels'en(r967  ); 

74 'W  181  193^ 

0;6 

1.  54  _ 

6 

Bi'si'(i;965c) 

2 2.  'Z 

0.23  +0, 05 

6> 

Jopson(li9/6-l4)' 

0.358+0;  070' 

6' 

M.uir('19'6l;) 

0.27  +0.05 

6 

R'ao(t9.66a) 

75  Re  183  558* 

453 

0!..38.  +0'..a7' 

0 

Kuhlmann('  19-6  9 ) 

2 2; 

76  Os  185  1015 

several 

0.35  +0..L5  - 

' 

6' 

Mi0.1ern951‘) 

several 

0.38  +0. 07 

6. 

Jolms(1957). 

875 

. 

0i..45.7'+0;..0.08 

11 

B-isi(l‘957) 

2.  2 

873;878 

'p.  4* 

1 -3  .1- 

0.  600+0.  006 

5 

Schula(I967a) 

2 2 '2 

646 

I'X 

0,  228+0'.,004’  O’.  254+0..005 

5 

Schulz(1967a) 

2'  2 

' , 

77  Ir  192  1050 

691 

4--3" 

0L6'7>  +o:..06i 

14 

Da  smaha  pa  tr  a ( 1 9 7 5') 

TABLE  3.2  (continued) 


z 

3l 

^'7  r* 

ii.Cr 

A (I;eV) 

,TT  ,Tt 
State  J.  '■■'Jr 

(keV)  ^ ^ 

A/^’k  ' 

» /p 
' M'  L 

^LM,  ./^K 

b 

c 

Me- 

thod 

Rererencc 

78  Pt  188  B40» 

195 

o‘*'-i" 

• 

0.744+0. 020 

16 

Hanson(I968) 

187 

0^-1 " 

0.766+0. 023 

16 

Hanson(1968) 

78  Pt  193  6l 

0 

V 4* 

1 -3 

2 2 

0,386+0.014  , ■ 

- 

5 

Ravn(197l) 

79  Au.l95  229* 

130 

3'^X 
2 .2 

0. 143+0. 019 

11 

Bisi{1959,  1954) 

130 

s 

0.  146+0. 010 

11 

Goedblocd( 1964) 

130 

0,  188+0, 005 

11 

De  Wit(1965) 

• 130 

0.  123+0,  009 

11 

Harris(l  965) 

99 

4- 

1-3 

2 ~Z  . 

0,38  +0.09 

11 

Harris(l  965) 

99 

~ 

0.458+0. 012 

16 

Jasin'ihi{l  968) 

• 99 

0.873+0.044 

6.478+0, 020^1.28 

+0,06 

0,438+0.  on 

5 

Govorsc(l  973) 

130 

3.055+0.086 

0.  697+0.  078'^5.25 

+0, 66 

0. 160+0. 017 

5 

Goversc(1973) 

79  Au  196  1482 

80  Hg  197  684”^ 

0 

689 

268 

. 0.337+0.007 

•2  2, 

2--2^ 

l".3''' 

2 2 

0.31  +0,05 

0,52  +0.06 

• 

5 

14  , 
11 

Cover s cl  1973) 

Gupta(  1958a) 
De  \Vit(1965) 

268  ;77 

■i  -I  d 
2 2 2 

0. 741+0.012 

18 

Plc'h(1971) 

TABLE  3,2  (continued) 


z 

<^EC" 
A (keV) 

Final 

state 

(keV) 

1 f 

^LM. , 

b 

P U) 

K K 

c 

Me- 

thod 

Reference 

• 81  T1  201 

n 

484 

167 

0.67  +0.04 

11 

Cupta(-l960) 

1372® 

2 Z 

■ 81  T1  202 

several 

0,7  6 

Huizenga'(1954) 

r 

several 

0.90  +0.27 

6 

Kramer{1956) 

440  2'*-2''’ 

, +0,014 

, ;®- ^^3-0, 013 

14 

Gupta(1957) 

■ 440 

Q.  638+0. 030 

■0.523+0.011 

6;  11 

Hamers(1957) 

440 

0.23  +0.05 

' :0,76  +0.05 

8;dl 

Hagedoorn('1958) 

■ 440  . 

■ 

. , +0.015 

®-^^^0.008 

14 

i 

Jha(1959) 

440  ■ 

; 0.751+0.014 

. 14 

Blok(i959) 

440 

• 

0.75  +0.03 

11 

Gupta(196o) 

■965  2"-2'*' 

0.50  +0.05  ■ 

11 

Gupta(1960) 

,440 

0.196+0.002  0.269+0.007 

0., 265+0.  010  ^ 

5 

Leutz(1966) 

440 

, 0.35  +0.04^ 

5 

Leutz(1966) 

965 

0.305+0.020 

5 

Leutz(l  966) 

0 2"-0'’' 

0 22 

-0.015 

5 

Leutz(1966) 

8 1 T1  2 04 

345 

• 0 a'-o'*' 

0.  33 

6 

Jaffo(19  5;I) 

0 

0.42  +0. 05 

■ 5 

Joshi(l  96;1  ) 

0 

0.41  +0.03 

5 

Leutz(1962) 

0 ; 

0.  60  +0.  055  .. 

7 

Chris  tmas(  1964) 

0 

0.48  +0.04 

Robins  on(ll963) 

0 

0.43  +0.16 

6 

.Rao(1965j 

0 

0.52  +0.07. 

5 

Klein(1966) 

vn 

OJ 

H 

TABLK  3.2  (continued) 


Q ^ 

“ec 

Z A (keV) 

Final 

state 

(koV) 

A 

V^K 

^Iv/^L  ^LM. 

P-,  Me- 

^ thod 

. c 

Reference 

82  Pb  203  982 

279 

5--3-^ 

0,82  +0.05 

11 

Prescott(1954) 

2 2 

680 

s'.s'*' 

0.70  +0,05 

11 

Prescott(1954) 

2 2 

, 

279 

0.74+0.05  8 

Wapstra(1954) 

680 

0.36  +0.07 

0.66  +0,04 

6;  11 

Hagedoorn(1958) 

{843 

279 

0.  208+0,  005 

O.'755+O.  014 

6:  11 

HaEedoornU958)  . 

82  Fb  205 

0 

o.5?4+o.  010 

“ 

1 

PeTirra.  (lS7o) 

279 

0.750+0,019 

11 

Persson(196l ) 

83  Bi  '205  2704 

2566 

9 ■-2'^ 

1.1*7  +0.  16 

6 

Bona  calza(196E) 

2 2 

83  Bi  206  3652 

3279 

6‘^-5‘ 

' 0.264+0. 010 

0.228+0. 007 

5 

Goverse(1974b) 

3403 

6“^ -5" 

0.281+0.009 

.0.276+0.008 

5 

Gover.se(1974b) 

3563 

6'*'-5- 

0.509+0.015 

0.282+0.010 

5 

GoverseC 1974b) 

83  Bi  208  2868 

2615 

5'*'-3- 

0.230+0.008 

11 

Millar(1959) 

85  At  210  3875 

3726 

S'^-6’'^ 

0.45  +0.09  8 

Schima(1963) 

85  At  211  793 

0 

9".9'‘‘ 

0, 143 

6 

Hoff(1953) 

2 2 

93Np  235  123 

0 

5-_7- 

30  +2 

6 

Hof£man(1956) 

0 

2 2 

36.7 

0.46 

6 

Gindler(1958) 

93Np  236  977 

several 

■ 2.0  +0.4 

■ 

6 

Orth(1951) 

TABLE  3,2  (continued) 


, Z A (keV) 

Final 

state 

(keV) 

1 1 

V^K 

^hu. . ^k^’k 

Me- 

^ thod 

c 

Reference 

. 94  Pu  237  233 

Several 

1.2 

kalkstein(1957) 

60 

i~k 
2 2- 

2.8  +0.8 

. 

6 

Hoffman(i958) 

97  Bk  245  819 

250 

B •4« 

3 _5 
2 2 

0.74  +0,03 

11 

Magnus  son(l  956) 

CXI 

Ui 


384 


a 


b 


c 

d 

e 

f 

g 

h 

i 

j 

k 

1 

m 

n 

o 

P 


Q__  values  are  taken  from.  Wapstra’and  Gove  (1971).  There 
are  some  values  that  originate  from  electron  capture  measurements. 
They  are  replaced  by  values  obtained  from  other  methods,  except 
for  a few  cases,  indicated  by  an  asterix,  where  no  recent  other 
result  is  available. 


If  is  given,  the  fluorescence  yield  used  by  the  authors  was 
used  to  calculate  the  measured  value  some 

cases  in  which  U)j^  is  not  quoted.  They  are  indicated  by  the 
sign 

Methods  are  identified  by  numbers  explained  in  Table  3.1. 


value  from  Bertrand  (1974). 

Revised  value  using  k „/k  =0.212  (Salem  et  al. , 1974)  and 

p oc 

UJ„=0.832  (see  Table  III.V  ). 

Value  revised  by  the  author,  private  communication  to 
Durosinmi-Etti  (1966). 

Revised  value  using  ko/k  =0.217  (Salem  et  al.,  1974)  and 

p Ct 

U)j^=0.852  (see  Table  lU.  V ). 

Q value  from  Henry  (1974). 

£iO 

Q value  from  Ber^nyi  (1970). 

Q _ value  from  Kroger  (1973). 

very  uncertain. 

Q _ value  from  Ellis  (1973). 

value  from  Jasinski  (1963b) . 

value  from  Auble  (1971a). 

Q _ value  from  Auble  (1971b). 


Q value  from  Gopinathan  (1968). 
Q„„  value  from  Ford  (1970). 

iLiO 


Allowed  transitions 

6 j=0, 1 : Tr.TT^=+l 

18 

Ax 

37 

814.1+0.6  0 

0.  102  +0.  008 

1 . 006, 

0. loi  +0.008 

2 

Kiser(1959) 

0.098 

0, 

095 

2 -2 

0.103  +0,'003 

0.  102  +0.003 

1 

Santos  -Ocampo 
(1960) 

• 

0, 0971+0. 0005 

0,0965+0.0005  1 

Manduchi(196l) 

0.  102  HO.  004 

. 

0.101  +0,001 

1 

. Dougan(l 962a) 

0. 102  +0. 003 

0. 101  +0. 003 

1 

■VVinter(1964) 

0.  097  .+0.  003 

0, 096  +0.003 

1 

Heuer(1966) 

0.  098  +0, 003 

0.  097  +0'.  003 

1 

Tptzek(1967) 

. 

• 

0,.098' +0.002 

0,  097  +0. 002 

1 

Krahn(1972) 

23 

V 

48 

4015.4+2.8.  several 

0,  104-  + 0.004 

1.007 

0. 1Q3  +0. 004 

1 

Bertmann(1972) 

0.104 

0. 

101 

2297 

4'^-4'*‘  . 

0.  115  +0,  015 

i,005 

0.  114  +0.015 

1 

Bertmann(1972) 

23 

V 

49 

601.2+1.0  o' 

““  7,"  ■ 

2 '2 

0. 106  +0. 004 

1.  015 

0.  104  +0. 004 

1 

Krahn(1972) 

0.  104 

0. 

101 

24 

Cr 

51 

751.4+0,9  320;0 

0.  1026'+0.  0004 

1. 014 

0. 1012+0. 0004 

1 

Fasioli(1962) 

0.  105 

0, 

102 

2 2*2 


U) 

CD 


TABLE  3.3  (continued) 


Experimental  .values 


Theor  ,v  alues 


Final 

EC  t’T 

(keV)  (keV) 


V'’* 


V'^K 


Me- 


(qL^/q^;)  thod  Reference 


'’l/’k'* 


Bahcall  Vatai 


24 

Cr 

51 

751,4+0. 9 

320 

7"_5' 

0. 1044+0. 0021 

1. 023 

■ 0.1021+0.0021 

1 

Heuer(1966) 

. 

2 2 

* 

320;0 

7".5',7" 

0, 1033+0:0031 

1. 022 

0.  101  lio,  0031 

1 

Heuer(1966)^ 

2 2 ’“2 

25 

Mn 

54  1374.9+3.6 

835 

-]•  4> 

3 .2 

0. 106 

+0; 003 

1, 020 

0.  104 

+0, 003 

1 

Manduchi  ( 1 9 63 ) 

0. 106 

0.103 

26 

Fe 

55 

231,7+0.7 

0 , 

3"_5‘ 

0.  103 

+0,  006  • 

1. 052 

0.  103 

+0. 006 

1 

. Scobie(1969) 

0.  107 

0.104 

2"  2 

0. 106 

+0, 003 

0.  103 

+0. 003 

1 

Manduchi(1962a) 

•* 

0, 106 

+0, 005 

0,  103 

1_0.  005 

1 

Moler(1963) 

0, 117 

+0,001 

0,  111 

+0,001 

1 

Pengra(1972) 

28 

Ni 

56 

2133  +11 

1720 

0^1  + 

0,115 

+0, 006 

1.034 

0.  Ill 

+0.006 

1 

‘■Winter(l  967)  ' 

0. 109 

0.  107 

28 

Ni 

57 

3243  +7 

several 

• 

0. 100 

+0. 006 

1,008 

0.  099 

+0.006 

1 

Winter(1967 ) 

0. 109 

0.107 

27 

Co 

58 

2308. 0+2, 5 

1675;811 

2'''-2'^:2''’ 

0.110 

+0,  008^ 

1. 009 

0.  109 

+0. 009 

1 

Moler(l  963) 

0.  108 

0,  106 

00 

On 


TABLE  3.3  » (continued) 


z 

A 

(keV) 

Final 

state 

(keV) 

1 I 

Experimental  values 

Theor. values 

b 

Me- 

thod 

. Reference 

V^K  ' ■'  - 

Bahcall  yatai 

30  Zn 

65 

1350.7+1.1 

1115:0 

5"  6'.3~ 

0.  119  +0. 007 

1.043 

0.  114  +0.007 

1 

'Santos  -Ocampo 

0.110  0.108 

2 2 ’2 

(1962) 

1115;0 

0.111  +0^006 

0.  1'06  +0.006 

1 

Totaek(1967) 

1115 

0.  117  +0.007 

1-071  ■ 

0,109  +0,  007 

5 

McCann(1968) 

1115,;0 

0,118  +0.003 

1. 043 

0,  113  +0.  003 

1 

Krafft{1970) 

1115 

0.120  +0.003 

1,071 

0.112  +0.003 

1 

Krafft(1970) 

32  Ge 

71 

235.1+1.7 

0 

1~_3‘  • 

0,116  +0.005' 

1. 082 

0.107  +0.  005 

1 

Drever(1959) 

0,112  0.110 

2 2 

0. 1187+0. 0008 

0.1097+0,0007  1 

Manduchi(  1962a) 

0.  117  +0.001 

0.108  +0,001 

1 

Genz(1971a) 

36  Kr 

79 

1631  +9 

several 

0.  108  +0. 005 

1. 017 

0,106  +0.  005 

1 

.Drever(19S9) 

0.115  0,113 

37  Rb 

83 

1038  +32 

571:562 

5'-3";3‘ 

0,121  +0.002 

1. 056 

0.115'  +0.  002 

5 

Schulz(1967a) 

0, 116  0.  115 

2 2 .2 

571 

■ 

0. 128  +0. 002 

1. 056 

■0.121  +0.002 

5 

Goedbloed{l  97.0b) 

562 

0.  132  +0,  002 

1. 056  • ' 

■ 0, 125  +0.  002 

5 

Goedbloed(1970b.) 

LJ 

CO 


TABLE  .3.3-,.  (continued) 


Experimental  values 

Theor. values 

^ a 
^EC 

Final 

state 

•J 

b 

Me- 

z 

A 

(keV) 

(keV) 

thod 

Reference 

Bahcali 

Vatai 

48 

Cd 

109 

182. 0+3. 0 

88 

+ + 
J 

2 2 

0.  195 

+0.  005 

1. 735 
+ 0.  018 

0. 

112  +0. 028 

5 

Leutz(1965) 

0.  125 

0.  124 

. 

0,237 

+0, 005- 

0. 

137  +0. 024 

2 

Moler(1965) 

0.  193 

+0, 003 

0. 

117  +0,028 

5 

Goedbloed(l  970a) 

55 

Cs 

ih 

355  +6. 

0 

5'*'_3'^ 

0,  153 

+0,  008 

1.190  • 

0. 

129  +0.007 

5 

Joshi(1960) 

0.  133 

0. 131 

2 2 

0. 155 

+0.  002 

• 

0. 

130  +0,002 

5 

Schulz(1967a) 

56 

Ba 

131 1340  +19 

696:620 

■222 

0, 135 

+0,  009 

1.091 

0, 

124  +0,008 

5 

Smith(1963) 

0, 134 

p.  132 

56 

Ba 

133 

a 

515.8+3.0 

437 

l"-l  + 
2 2 

0.  371 

+0,007 

2.914 
+ 0,  085 

0, 

127  +0.004 

5 

Schulz{  1967c) 

0, 134 

0.  132 

384 

1 .3^ 

2 2' 

0,221 

+0, 005 

1.732 
+0, 013 

0. 

128  +0,003 

5 

Schulz  (19  67  c) 

CD 

CD 


TABLE  .3.3  \ (continued) 


' 

Experimental  values 

The«r,  values 

Final • 
sta.te 

■ 

P /P 
L,'  K 

b 

Me- 

P /P 
l'  K 

z 

A 

(keV) 

(keV) 

- 1 

• 

thod  Reference 

Bahcall  Vatai 

( , 

First  non-unique  forbidden  transitions  A J=0,  1 ; TT*^TTj=-i 


37  Rb  84 

2679.8+2.9 

880 

2"-2''’ 

0. 116 

+0,-b02 

1’;  014 

0. 

114 

+0.  002 

5 

Schulz(1967a) 

♦ • 

0. 116 

|0. 115 

0. 119 

+0.  002 

0, 

117 

+0.  002 

5 • 

Goedbloed(1970b) 

• 

1 

47  Agios 

1341 

344  ' 

2 2 

0.  128 

+0. 003 

1. 043 

0. 

123 

+0.003 

5 

Schulz(1967d) 

0.124 

:0. 123 

1088 

l‘_3“ 
2 2 

0. 152 

+0.  OOZ 

1.  190 

0. 

127,  +0,  002 

5 

Schulz(l967d) 

53  I 126. 

2151 

+5 

several 

■ 

0.  142 

+0,  005 
-0.  018 

I'.  035 

0. 

137 

+0. 005 
-0.  017 

5 

Scobie{l958) 

0. 130 

0.129 

-1  0.  015 

55CS132 

2 099 

+23 

several 

‘ — - 

0.  136 

+0‘,  001 

1 , 048 
+ 0.  012 

0. 

130 

+0, 002 

5 

Goverse(1974  a) , 

0.  133 

b.  131 

66  Dy  159 

365.4+1. 0 

0 

J'.3^ 

0.  198 

+0.009 

1.295  • 

0. 

153 

+0.  007 

5 

Leiper(1971) 

0,  146 

6.  146 

Vj) 

00 

so 


TABLE  3.3  ,i.  (continued) 


Experimental  values 

• Theor.  values 

Z A 

Q ^ 
^EC 

(keV) 

Final 

state 

(keV) 

1 f 

■ 

b 

Me- 

thod 

. Reference 

Bahcall  Vatai 

760s  185 

1015.0+0.7 

874;880 

2 2*2 

0.600  +0,006 

3.62 
4 0.  14 

0. 166  +0.  007 

5 

Schulz(1967a) 

0.  162  0.160 

646 

i'-i'"  ' . 
2 2 

0.228  +0.004  ■ 

1,438 

0. 160  +0. 003 

5 

Schulz(196?a) 

79AUI95 

229.0+1.0* 

99 

2 2 

0.873  +0.044  ■ 

5.  047 
+ 0,  055 

0,173  +0.009 

5 

Goverse(l  973) 

0.  168  0.  165 

■ 

130 

2 2 

3.055  +0.086 

16.  74 
+0.  61 

6,  1,83  +0,  008 

5 

Goverse(1973)  ■ 

0 

2 2 

0.337  +0. 007 

2.  040 

0.  165  +0.  003 

5 

Goverse(1973) 

390 


TABLE  3.3  , (continued) 


Experimental  values 


Theor.  values 


P /P'  ^ 

L'  K 


Q 

EC 

(keV) 


Final 

state 

(keV) 

1 i 

V^K 

b 

Me- 

thod 

Reference 

Bahcall 

■iS.' 

Vatai 

440 

2 -2 

0, 196 

+0. 002 

1,  167 

0.  168  +0.  002 

5 

Leutz(1966) 

0. 171 

lO,  1-69 

+ 0.  002. 

• 

960 

2"-2‘*‘ 

0.  305 

+0.020 

1.458 

0,209  +0.014 

5 

Leutz(1966) 

- 

4 0,017 

■ 

3279 

6’’’-5‘ 

0.  264 

+0. 010 

" 

5 

Goverse(1974b) 

0, 175 

:0.  173 

3403 

6‘*'-5" 

. 0,281 

+0,  009 

5 - 

Goverse(1974b) 

3563 

6.'*'~5" 

0,  609 

+0, 015 

5 

Cover se( 1974b) 

Second  non-unique  forbidden  transitions  A J=2  ; TTJTr£“■^  I 


17  Cl  36 

1144,1+1,7 

0 

2+-0+ 

0.  11'2 

+0,  008 

1 

Dougan(1962b) 

28  Ni  59 

1073. 1+1.1 

■ 0 

3". 7" 

0.  121 

+0. 002 

I 

Chew(1974a)' 

2 \ 

• 

* 

42  Mo  93 

398  +4 

30:0 

5^1  ■.9’*' 

0,36 

+0,  04 

6 

Hohmuth(1964) 

. 2 2 ’2 

• 

43  Tc  97 

34.7.  +9 

0 

2 2 

0,21 

+ 0.14 
:0.10 

6 

Katcoff(1958) 

i| 

IS  Q 

sg 


© UJ 

II 


3?1 


TABLE  3,3  _ (continued) 


Experimental  values 

Theor . values 

2 

A 

°EC* 

(keV) 

Final 

state 

(keV) 

P /P 
L'  K 

(qL^/q^) 

b 

Me  - 
thod 

Reference 

(q^^/qj^) 

Bahcall  Vatai  ■ ' 

First  uniaue  forbidden  transitions  ^ 6 j=2 

; TT.TT 

= -l 

36 

Kr  81 

290  +100 

0 

7 _3 
Z Z 

0.  146 

+0;  005 

1.  179 

0.  124  +0,  006 

1 I 

1 

Chew(1974b)_ 

0.  127  0. 126 

53 

I 126 

1251  +5  ; 

several  ‘ 

0.  142 

+0.005 

-0.018 

1. 071 
+0. 016 

0.133 

‘ -0.018 

5 

Scobie(1958) 

0.131  0,130 

81 

T1  202 

g 

1372  +22 

0 

Z'-O'^ 

0.22 

+0.02  • 
-0. 015  • 

1.230 
+ 0.  004 

0 179 

-0.012 

5 ■ 

Leutz(1966) 

0.173  0.171 

81 

T1204 

345  +4 

0. 

2 ■•-o'*' 

0.42 

+0,  05 

2.256 
+ 0,  016 

0.17  +0.02 

5 

Joshi(196l) 

0.204  0.201 

U,  Lb  tU«  U1 

5 

LiGUtz  (19  oZ ) 

0 

0.  60 

+0.055 

0,24  +0.02 

7 

Christmas  (1964) 

0 

— 

0,48 

+0,04 

0.19  +0.02. 

Robinson(1963) 

0 

0.43 

+0. 16 

0,  17  +0.06 

6 

Ra'o(1965) 

0 

0.52 

+0.02 

0.20  +0.01 

5 

Klein(1966) 

VjJ 

VO 

ro 


39r 


s. 


B 


c 


d 

d 

f 


Vaiiies  are  taken  from  Wapstra  dnd  Gpvd  ,(19.7 U. 
Thdre  S.fd  some  vaidds  that  drigiiiatds  from  .glectfBii 
c&-ptu5fg  meagureinehts:  'They  are  fepiacdd  By  values 
obtained  frSm  other  methods,  except  foi*  a f§w  cases; 
iddicaCdd  fey  an  astdrix  .whdre  no  .recent-  othdr  result 

is -dvaiiahiei 


Methods  dre  idedtifidd  by  hUmfeerg  dxglained  in  Tabid  Jsi; 

The  theoretical  Jj/K  ratios  are  ddrived  from  iSraVd  ihinGtiBhg 
6f  Ivfaiih  and  Wabdf  (1973)  and  exchaiigg  - aiid  dydridp 
c6j5rScti6hd  Ss  descrifedd  iii  Sec;  2;  5.  Foi?- Z'>  54  • 

fhd' coiffdction  factors  Sf  Siisldv  {1970)  aird  used  in 
cohtihuatioii  of  the  Bahcdli  factors  and  fhSs.fe  of  hfUrtiri 
and  Blichdft-'Tdft  (1970),  in  extension  of  thd  recalcdlated  - 
Vdtai  fdctofSi 


^e6  frorri  Henry  (i974)« 


Q:=s^  value  from  Bertrand  (i974):. 


Revised  .value;  see  Gfinberg  et  al.  (1973); 


g 

h 


i 


Qgg  vaiue  ffdin  Auble  (1971b): 


The  vaide  is  obvlSUsiy  too  louf;  No  feiiabie  comparison 

£LtOi  * 

with  theoretical  valUes  cdh.be  giySfis  ‘ • ‘ 

First  Unique  forbiddeil  trdnsitioiis j the  factoi: 

Has-  feeeri  squared  arid  m the  theoretical  values  the 
contribution  of  the  shell  has  Been  allowed  for. 


ORIGINAIi  PAGS'IH 
OF  POOR  QUAIOT 


TABLE  3.4  Experimental  and  theoretical  P /p  ratios 

M'  L 


Experimental  values 

Theor.  values 

L 

1 

r 

1 

* 

c 

a 

*^EC 

Final 

state 

■ 

1 f 

VPl 

V'‘i. 

Me-^ 

2 

^L  ) 
1 ^1 

Z A 

(keV) 

(keV) 

Lj> 

thod  Reference 

Bahcall 

Vatai 

J 

Allowed  transitions 

6 J = 0, 1 ; TT.TT^  = 

. +0.007 
:0.  003 

+ 1 

18  Ar  37 

814. 1+0,6 

0 

3".3" 
Z‘  2 

0. 104 

-0,003 

1. 000 

3 Renier(1968) 

0.-130 

0, 116 

26  Fe  55 

231.7+0.-7 

' 0 

'3"_5“ 

2 2 • 

0. 157  +0, 003 ‘ 

1,  006 

0, 156  +0. 003 

1 Pengra(1972) 

0. 163 

0. 156 

30  Zn  65 

1350.7+1.1 

1115 

5"  5" 
2 ~2 

0.133  +0,020' 

1.008 

0,  152  +0,  020 

1 Krafft(1970) 

0, 167 

0. 160 

32Ge  71 

235. 1+1.7 

0 

r_3" 

0, 142  +0, 010 

1,  010 

0,  141  +0.  010 

i Manduchi(1962b) 

0.  170 

0. 164 

■ 

*2  2' 

0. 162  +0. 003 

0.  160  +0,  003 

1 Genz(1971a) 

48  Cd  109 

182. 0+3. 0 

88 

•!« 

5 .7 
2 2 

0.205  +0,020'^ 

1,070 

0. 192  +0. 019 

2 Moler(1965) 

0.  2 06 

0.202 

First 

non-uniaue  forbidden  transitions  6 J=0,  1 : 

Tr.rr,=-l 
1 f 

1 Manduchi(1964b) 

50  Snll3 

1025  +15 

648;393 

2 2*2 

0,220  +o,oio® 

1,  Oil 

0.218  +0.010 

0.  2 09 

0,205 

760s  185 

1015.0+0.7 

646 

r.i^' 
2 .2 

0.254  +0.P05 

1,.  055  ' 

0.'241  +0.005 

5 Schulz(1967a) 

0.245 

O',  236 

VO 


TABLE  3.4  (continued) 


•Experimental  values  Theor.  values 


a 

^EC 

Z A (keV) 

Final 

State 

(keV) 

1 1 

T 

Ws/. 

Me-^ 

“^2  • 
) thod  Reference 

P /P  ^ 

ly  h . . 

BahcaU  Vatai. 

78  Pt  193  ,61.2+3.0 

0 

1-  3^ 

'0.386  +0. 014 

1,475  0.262+0.010 

5 Ravn(197l) 

0,  247 

0,239 

2 2 

■ 

81  T1  202  1 3 72  +22^ 

■ 440 

2"-2'*' 

0,269  +0.007 

1,025  • 0.262+0,007 

5 Leutz(1966)  ■ 

0.249 

0,240 

83  Bi206  3652  +ZS^ 

3279 

6'*’-5“ 

0,228  +0.007 

5 Goverse(1974b) 

0,250 

0,242  . 

3403 

6+-5“ 

0.276  +0.  008 

5 Goverse{1974b) 

3563 

6'*'-5‘ 

0.282  +0,  010  ■ 

5 Goverse(1974b) 

VO 

VO 

Vn 


396 


Q values  are  taken  from  Wapstra  and  Gove  (1971). 

EC 

Methods  are  identified  by  numbers  explained  in  Table  3.1, 

The  theoretical  M/Li  ratios  are  determined  from  wave 
functions  of  Mann  and  Waber  (1973)  and  exchange  and 
overlap  corrections  as  described  in  Sec.  2.5. 

For  Z > 54  the  correction  factors  of  Suslov  (1970)  are 
used  in  continuation  of  the  Bahcall  factors  and  those  of 
Martin  and  Blichert  - Toft  (1970)  in  extension  of  the 
recalculated  Vatai  factors. 

Revised  value  using  ~ 0,212  (Salem  et  al.  1974) 

and  U)^  = 0.832  (see  Table  3.5). 

Revised  value  using  = 0.217  (Salem  et  al.  1974) 

and  Uij^  = 0.852  (see  Table  3.5). 

value  from  Auble  (1971b). 

The  value  is  obviously  too  low.  No  reliable  comparisor 

with  theoretical  values  can  be  given. 


TABLE,  3'.  5>  Experimental  and 

theoretical 

value  SI 

Final 

sta'te 

A (ker)  ' (keV)>  jJ-j" 

Experimental  values 

The  or.  Pu 
values*^ 

z. 

vk  “k 

^K. 

dl 

•Me- 
thod. Reference 

BahcalT  Yatai 

Allowed"'  transitions  A.  J=0. 

1 :■  tt.,tt£.=+i 

23'  V '48  4'0.I!5'.4 

several 

0,.20,05-);0'.,0030'  p>.  225+0 ..009  0„8.9'l+0,..03:6; 

11  Alb,rechtp9'7‘5); 

0.892 

0.896 

i 2,8 

_ 

" 

24  Cr  51  ■75,I„4 

320  7“_5" 

O'.  227  +0.003  0.256+0.007 

0)., 837+0.  008 

10'  Tajrl'or(,'r965')'  • 

O'.  890' 

0-.  893 

. 2,  2, 

2S.  Mn  54  1,3  74 9 

4*  4* 

835  3-2 

0.257  + O'.  004  0‘.,283+O.'OOT 

0.908+0',  008- 

LOi  T'aylor{a9:65> 

O'.  889' 

O'.  89'1’ 

+3.,  8 

O'.  243  +0.012, 

0 , 8,59+0:.  014 

10'  Le+stnerfl'9/6'5); 

0I..2514+0'.  0017 

0.  88'8‘+0'.007' 

1 O'  B'ambynek(1967a’), 

Gi.,250'  +0.  005, 

O'.  8 83,+ 0.  009 

10  Petel('li967)) 

0..2492+0.  odl7 

0".  8'8'l+0'.  009' 

11  Hammer('1968,)i 

• 

0„900+0'..'o:i4 

10'  Dobrilovic{.i9'72); 

0^247  +0.009 

0..8.73+0,.  0.1,1 

1 1 M'ukerj,i('1973‘)' 

27  Co,  57  836,9 

136  7 ".S' 

0'„3044+0,  0043,0,  34'4+0,.  008 

O', 88:5+0',.  009' 

11  Rubins  on(,19’68',),' 

0..88T 

O'.  890 

+0t,7' 

■ 2'  2 

0-.  15.  +0,  02 

0i.,8,7  +0",  02' 

rt  B.osch(l'969') 

0..317  +0,006 

0„  922:+ 0.01  O' 

11  MukerjSp9'7'3); 

706,  7-“.5“ 
2 2 

0.  088+0',  040' 

0..92  +0'.,03 

11'  B'osch(l'969'> 

0, 8',7& 

0'.,881 

TABLE  3.5-  (continued) 


z A 

Q ^ 
• EC 

(keV) 

Final 

Experimental  values 

Theor.  P... 
values^ 

state  _ 

(keV).  jJ-jJ 

•^LM,./^K  ' 

P Me- 

■ ^ thod 

d 

Reference 

Bahcall 

Vatai. 

27  Co  A8 

2308. 0 

1675;  2‘''-2’*’;2'*' 

0.  3050+0.  0022  0.  344+0.  008 

0.887+0. 008 

10 

Banb  ynek(1968b)  0. 887 

0.890 

+2.5 

810 

30  Zn  65 

1350.7 

1115  5"_5~ 

0,441+0.009 

0,878+0,006 

13 

Kramer(1962a)  0,882 

0.884 

+1.  1 

2 2 

* 

" 

0.3927+0.0026 

0.890+0,009 

I'l 

Hammer(1968) 

0,386'  +0.010 

0,875+0.013 

11 

Mukerji(19.73) 

1115;-  5‘.5‘.3' 

0.400  +9. 006 

0,907+0.  Oil 

10 

Taylor(1965) 

0.882 

0.884 

0 2 2'  '2 

0,3894+0.0016 

0.  883+0. 009 

10 

Bambynek(l  968a) 

33  As  73 

340 

67  ’ 3".l“ 

• 

0.85  +0.05 

16 

Kyles(1970) 

0.874 

0.875 

+15 

2 2 . 

34  Se  75 

864.7 

+ + 

401  5 .5  . 

0.460  +0.004  0,576+0.031 

0.799+0.031 

11 

Rao(1966a) 

0.87  6 

0.878 

+ 1.0 

2 2 

0.462  +0.012 

0.802+0.033 

11 

Raeside(1969) 

0,516  +0,021 

0.896.+0.037 

11 

Chew(1973) 

37  Rb  83 

1038 

562  5‘.3" 

0, 161+0,  002 

0.859+0.002 

5 

Goedbloed(197Cb)0.872 

0,874 

+32 

2 2 

TABLE  .3.5  (continued) 


Z A 

(keV) 

Final 

state 

(keV) 

1 J^-J^ 

• 1 '*£ 

Experimental  values 

Theor.  P„ 
values^ 

^LM. 

./^K  ^k'^K 

, 

d 

Me- 
thod Reference 

Bah  call 

yatai 

38  Sr  85 

1064 

514 

+ + 
9-2. 

0.88  +0.04 

11 

■Bisi(1956a) 

0.871 

0.873 

+7 

2 2 

0. 5959+0.  0035  0. 676+0.  008 

0..882+0.  009 

11 

■ Grotheer(1969) 

0.  586  +0.  003 

0.867+0. 009 

10 

Bambynek(1970) 

39  Y 88 

3619  • 

■2734 

4"-3" 

0.6290+0.0032  0,700+0.009  0.898+0.'009 

11 

Grotheer(1969) 

0.871 

0.874 

+4 

2734; 

— av  4* 

4 -3  ;2 

0.613  +0.004 

0.876+0.010 

10 

B ambynek{  1973) 

0,871 

0.874 

1836 

48  Cd  109 

182.  0 

88 

5^  7 

0.28 

+0.  03 

0.871+0. 018 

5 

Der  Mateosian 

0.785 

0,787 

+3.0 

2 2 ■ 

(1953) 

0.805+0,027 

8 

Wapstra(1957) 

* ^ 

0.228 

+0. 003  ' ’ 

0.814+0.002 

5 

Leutz(1965) 

0.26 

+0.  03 

0.794+0, 025 

18 

Durosinmi- 

' 

• 

Etti(1966) 

*.* 

.0.226 

+0. 003 

0.816+0.002 

5 

Goedbloed(1970a 

) 

49  In  111 

826 

419 

+ 4-'  •. 

9-1 

' 

0.867+0, 007 

1(7 

Sparrmann(1966)  0.848 

0.850  ‘ 

+29  2 2 


VO 

VO 


TABLE  3.5  (continued) 


■Q  ^ 
■ EC 

A (keV) 

Final 

Experimental  values 

Theor.  P„ 
values^  ^ 

z 

state 

(keV) 

J.  -Jj 

^LM,,/^K  ■ ^k“’k  *^K 

?K 

d 

' Me- 
thod Reference 

Bahcall  Vatai 

— 

53  I 125  177.0  ® 

+ + 

35. 5 5 .3 

0,23  +0.03 

0.  813+0.  020 

5 Der  Mateosian  0,796 

0.798 

+1.2 

2 2 

(1953) 

0.2543+0. 0027 

0.7972+0.0017  5 Leutz(1964) 

• 0.253, +0,  005 

0.789 

+0. 003 

5 Smith(1966) 

. ' 0.685 

+0, 018 

0,876+0. 023 

0.  782 

+0. 033 

11  Karttunen(1969) 

0.  699 

+0.  030 

0.  798 

+0. 041 

11  Tolea(1974) 

54  Xe  127  664 

+ + 

0.685 

+0. 012 

0.782 

+0. 029 

11  Plch(  1974a) 

375  i _i 

0.705 

+0.  004' 

0.883+0. 028 

0.  798 

•To.  028 

11  Bresesti(1964)  0,830 

0.832 

+4 

2 2 

. 

203  l'*'_3’*' 

0.750 

+0. 016 

0.849 

+0.  032 

11  Bresesti(l  964).  0.842 

0.843 

2 2 

■ 

55  Cs  131  355 

' 0 

0.734 

+0. 006 

0.889+0.020 

0.826 

+0. 020 

11  Plch(1974b)  0.831 

0.835 

+6 

£ 

2 2 

56Ba  133  515.8 

437 

0.45  +0.04 

0.69 

-i-O,  02 

19  'TOrnkvist(1968)  0.662 

0.  667 

+3,0 

2 2 

+ 0.  01  0 + 

0. 610 

0.576 

+0. 038 

0.895+0,  012 

0.  652 

+0. 040 

14  Narang(1968) 

_i  r 

0.  644 

+0. 034 

0.  72 

+0.  04 

11  Schmidt-Ott(1972) 

384 

0.-72 

+0. 06  . 

0.80 

+0.07 

11  Schmidt-Ott  0.769 

0.773 

■ 2 2 

(1972) 

OO-f? 


TABLE  3,5  (continued) 


■°EC" 
A (keV) 

Final 

Experimental  value, s 

Thcor. 
values^  ^ 

' z 

state 

(keV) 

J. 

^LM.y^K  ?‘k'^K  “k 

p- 

• K 

d 

M!e  — 

thod  Reference 

Bahcall  "Vatai 

58  Ce  1-39  275 
+15 

1.65 

+ + 
3 _5 

2 2 

0.37  +0.02 

• 

0..73  +0..0.1 

1.5  Ketelle(1956),  0.724 
+ 0.  01.4 

0.729 
+ 0.014 

• 

0..68  +0.  02. 

IT  Marelius(1967)/ 

0.  750+O.  010 

16  Adamowlcz  (19.68,) 

0„69  +0’.  02’ 

13-  Y'atai(1968a) 

• 

• 

6.  707+0.  018 

0.  906+;0.  026 

0.78  +0.03- 

IT'.  S'chmidt-Otr 
(197,2) 

0, 649+0. 017 

0.71.'6+0,03,l 

14  Campbell(L972) 

0.639+0  ..006 

0.  705+0-..030' 

IT  Plch(l975). 

■ 

0,726+0.  010' 

15  Hanaen(l9T5) 

64  Gd  151  484® 
+30- 

3'52 

7"'_9' 
2 2 

0. 664+0. 009 

0,930+0.015 

0..7r4+0'.017 

ir  Genz(1973c)  0.704 

. +0.015 

0,709 

+0.015 

70  Yb  166  260 
+20* 

82 

0 68 

-0,02- 

0, 946+0. 020 

0 7Z 

-0..03 

14  Jas inski'  0.711 

(1963  a.)'  +0.011 

0.715 

+0.011 

81  T1  201  484, 
+17.^ 

167 

2 2 

• 0.67  +0.04 

0.964+0.017 

0.7D  +0..0'4’ 

U Gupta(1960)'  0.722: 

+ 0,014 

0,726 
+0.  OH 

X0l7 


. 3,5  Experimental  and  theoretical  P values 


Z 


A 


Experimental  values 

;Q_  , Final  

state- 

(k.V)  ■(k.V),  j"-jJ  Plm../Pk  ?k»k  Vk 


d 

P Me- 
thod ' Reference 


Theor.  P,, 
values^ 


Bahcall  Vatai 


First  non-unique  forbidden  transitions  A J=0,  1 ; TT.TT.^i-l 


37  Rb  84 

2679.8 

880 

2 "-2"^ 

0.580 

+0, 026 

+2.9 

61  Pm  145 

170 

67 

5'*'_3" 

. or.  558 

;i;0.  022 

+ 7* 

2 2' 

72 

’5‘*'_5' 

0.  509 

+0. 022 

2 2 

62  Sm  145 

647, 

61 

7~.5^  0.20+0.02 

+14^ 

2 2’ 

: 

1 

64  Gd  151 

484 

+30® 

307 

7~.,3.7>^ 

0,754 

+0..014 

66  Dy  159 

365.4 
+1.  0 

58 

3". s'*' 

2 2' 

0.752 

+0. 024 

72  Hf  175 

607 

433 

5".7'*'  .. 

0,  64 

+0.  04 

+8* 

2 2 

343  5 -.5+ 
■ 2 2 


0. 653+0, 030 

0.888+0, 039 

11 

Welker(1955) 

0.876 

0.878 

0.919+0. 024 

0,607+0,033 

11 

Tolea(l974) 

+ 

0.676 

0.011' 

0.  681 
+0.011 

0. 554+0.033 

11 

Tolea(1974) 

0.660 
+0.  on 

0.665 
+ 0.  on 

0.833+0.014 

16 

Brosi(1959) 

0.830 

0.833 

0,930+0.015 

0.811+p, 021 

11 

Gena(1973c) 

0,754 

+0.009 

0.759 
+0. 009 

0.936+0. 022 

0,803+0.  033 

11 

Genz(1973c) 

0.793 

0.  797 

0.950+0. 020 

0,67  +0,04 

11 

Funke(1965) 

0.689 
+0. 005 

0.693 
+0, 005 

0,712+0.008 

16 

Jasinski(1968) 

-+0.030 

^^^-0.016 

16 

Jasinski(1968) 

0.753 

+0.002 

0,757 
+0. 002 

Z0+> 


TABLE  3,5  (continued) 


Experimental  values  Theor.  P’ 

Final  values^ 


Z A' 

• EL 
(keV) 

state 

h 

■ 

d. 

’Me- 
thod Reference 

Bahca 

.11  Vatai 

78  Pt  188 

540 
+ 10* 

195  o‘'’-r 

- 

0,744+0.020 

16  Hanson(1968) 

0.748 

0.752 

187  o’’’-!" 

0,766+0, 023 

16  Hanson(1968) 

0.750 

0.754 

79  Au  195 

229.  0 
+1.0* 

130  3'^.5'  ‘ 

2 2 

0. 188+0. 005 

0,961+0. 018 

0, 196+0.019 

11  De  Wit{1965) 

0.202 

+0.006 

0.206 

+0.006 

5.25  +0,66 

0.160+0.017 

5 Goverse(1973) 

99  3'*‘-3‘ 

2 2 

■ 

0,458+0,  012 

16  Jasinski(1968) 

0.461 

+0.003 

0.466 
+0, 003 

1.28  +0.06 

0.438+0.  on 

5 Goverse(1973) 

80  Hg  197 

684'. 

+40^ 

268;77  r.3'’'.l‘'' 

. 2 2 ’2 

0.741+0.012 

0,963+0.017 

0.  769.40.  021 

18  Plch(197l) 

o’.  754 
+0.0 02 

0..758 

+0.,002 

81  T1 202 

1372 

+22j 

440  . 2"-2'*' 

0.76  +0. 05 

, +0.015 
°'^^^-0.003 

0.964+0.017 

0..79  ,+0,  05 

. +0.022 
®'^®^-0.019 

11  Hagedoorn  • 
(1958) 

14  Jha(1959) 

0,790 

0.793 

> 

0.-751+0.  014 

0. 779+0. 022 

14  Blok(1959) 

0.75  +0.03 

0.778+0, 034 

11  Gupta(1960) 

0,265+0.010 

0.79140.006 

5 Leuta(1966) 

TABLE  3„5  (continued) 


Z 


A 


Experimental  values 

■Q  / Final  ^ 

.state 

(keV)  (keV) , J.  -jJ  ^ 


d 

P Me- 

thod Reference 


Theor. 

values^ 


Bahcall  Vatai 


82  Pb  203  982  680  S'-B'*’ 

+12  2 2 

279  S".!'*' 
1 2 


0,66  +0.04 


0,69  +0,04  11  Hagedoorn  0,709  0,713 

(1958)-  +0,  003  +0,003 


0,755+0,014 

0,750+0,019 


0. 783+0, 022 
0,776+0,025 


11  Hagedoorn  0,777 
(1958) 

11  Persson(1961) 


0,780 


First  unique'  forbidden  transitions  8J=2  ; 


19  K 40 


150511  1460;  4"-2’^:0'*'  0.34  +0.08  - 

+0,7  0 

0,44  +0,09 


0,75  +0.05'  5 McCann(1967) 

0,  69  +0.  04  ■ 8 A^man(1968) 


0,741^  0.749^ 


4o5 


a 


c 


d 

e 

i 

g 

h 

i 

j 

k 

1 


Q_„  values  are  taken  from  Wapstra  and  Gove  (1971). 

There  are  some  values  that  originates  from  electron 
capture  measurements.  They  are  replaced  by  values 
obtained  from  other  methods,  except  for  a few  cases, 
indicated  by  an  asterix,  where  no  recent  other  result  is 
available. 

Fluorescence  yields  were  calculated  from  the  equation 

1 J - A+BZ+CZ^.  The  constants  A,B,C  -were 
determined  by  fitting  the  selected  "rnost  reliable"  experimental 
values  of  Bambynek  et  al.  (1972)  to  this  equation.  We  have 
omitted  from  the  list  of  the  "most  reliable"  values  those 
that  were  deduced  from  P oi„  measurements. 

The  theoretical  P,,  values  were  derived  from  wave  functions 

XV 

of  Mann  and  Waber  (1973)  and  exchange  and  overlap 
corrections  as  described  in  , Sec.  2.5.  For  Z > 54  the 
correction  factors  of  Suslov  (1970)  are  used  in  continuation  ’ 
of  the  Bahcall  factors  and  those  of  Martin  and  Blichert-Toft 
(1970)  in  extension  of  the  recalculafed  Vatai  factors.  Un- 
certainties are  quoted  only  in  those  cases  where  they  are 
significant.  They  originate  .from  the  uncertainties  of  the 

Methods  are  identified  by  numbers  explained  in  Table  3.1. 
value  from  Gopinathan  (1968). 
value  from  Henry  (1974). 

Qjjq  value  from  Ford  (1970). 

value  from  Auble  (1971a). 
value  from  Jasinski  (1963b). 
value  from  Auble  (1971b). 
value  from  Ber^nyi  (1970). 

Theoretical  value  for  a unique  1st  forbidden  transition. 


TABLS  ;3.6  '■  • lih.gsoriaental  K/g^  and  SCi/g^  Itatio 


a "Sip-  A 
stent 


^0 

(^keV) 


'a- 


Fianl 

state 


,TT 


,TT 


V 


Ksthod  Reference 


6 

c 

11 

1982.2  i 1.0 

0 

2%'r 

(1.9  i 0.3)  • 

20  . 

Scobie  (1957b) 

2 2 

21 

Ca;"7bell'.1967) 

(2.30  10“^ 

7 

K 

. 13 

2220.5  - 0.9 

0 " 

T-^r 
2 2 

(1 .63  ~ 0.12)  I 10"^ 

21 

Le<iingl]iam  ( 1 96  5 ) 

8 

0 

'15 

2759.2  i 0.9' 

0 ■ 

r_>r 
•2  2 

. '(1.07  - 0.06)  2C  10’*^ 

21 

Leiper(l972) 

Q 

F 

IS 

1655.3  - 0.9 

0 

, (3.00  i 0.18)  X 10"^ 

20 

Drever(1956) 

10 

1 

ile 

'l 

19 

3253.2  ~ 0.9 

0 

r-'>r 

(9.6  i 0.5)  X 10"'^ 

21 

L.eipcr(1972) 

2 2 

i 

11 

Ka 

22  , 

2342,3  - 0.5 

1274.6 

0.105  r 0.009  ■ ' 

22 

McCa.'  ->(1969) 

.J 

0.10  J 0.05  ' 

2S 

Liuciie3(1952) 

0.110  - 0.006 

■27 

S’’err(1954) 

0.124  - 0.010 

26 

Kre-;er  1954) 

. S 2' 

0.09  i 0.06 

27 

S'’‘ir\l954) 

0.122  - 0.010 

31 

AUe-i(1955) 

0.065  - O.COS 

23 

Char?ak(1955) 

uK_  3 . 6 (ooriuinuoA  ), 


s 

i)lc-  A 
lasKt, 

, • 

0 ^ 
(keV) 

Pinal 
state  ■ 
(keV) 

j7‘-.  f' 
■ —1.  ■£-• 

V 

s> 

Method  1^^ 

Reference 

11 

Ka  '22 

0.124  ^ 0.012  y 

•27 

Hagedoorn(l'9  57) 

0'..1'09'  ~ 0.008  . 

27 

Koixijn(l  958/59)' 

. + ■ 
0.112  - 0.004  ; 

.2.1' ■ 

Rama  swamy  (19  59a) 

'0.1041  - o.oo'io'’ 

■ 26 

Williams  ( 1.9  64,.  1968) 

0.1048  - 0.0007' 

27 

Leute(19.67)' 

0.103  i 0.018' 

31  . 

Steynd96'6,) 

0.1042  i o.oom 

.27 

Yatai(1968c) 

'I 

* 

0.1077  ^ 0.0005' 

27- 

K4acMahon(  1 97  0>). 

13 

A1  26 

4004.7  i 0.5 

1810 

5'^->2'^ 

0.135  - 0.023  [ 

26- 

Rightmire{  1-959')' 

. 0.12  ■ 

31 

Ja  s tram(-'l'9,6'l ) 

15 

? 30 

4227.4  i 2.6 

0 • 

(1 .24  i 0.04) 

X 1 0~^  ; 

21 

Ledingham(  1 97 1 ) 

17 

Cl  56 

1144.1  -’1.7 

0 

0*2,  ' 

. .^3  com’’ 

. oi  21 

■ination, 
an-l  3’1. 

Dougan(1962b ) 

(7.5  * 3.0)  2 

102-  i 

31 

Berdnyi(1962‘);  and  (1963b) 

21 

Sc  44 

5649;  “ 6 

several 

2^  several 

0 i 0.1 

0.05-0. 15'  1 

1' 

25' 

Langevin(l  954'c) 

• 

26 

Lange  vin(l  9'54  a) 

a;  J 

0.11  - 0.05  i 

■ 26 

Blue{1955) 

-«=■ 

O 


^sc/  ^e'*' 

, V 

Kethod^ 

Hefer0nce 

' ► \ 

,0.073  - 0.017  • 

27 

Blue(1955) 

0.023  - 0.019  : 

27 

Konijn(1958/59) 

. . 0.049  ' 

26 

DiUman(1963) 

0.72.^0.11 

31 

Good(1946) 

0.46  i 0.09 

26 

i 

Sterk(1953) 

■ 1.04  i 0.17 

26 

Casson(1953) 

0.75  i 0.09 

31 

Bock(1955) 

0.74.  i 0.07 

- 

van  Nooijen(1957)  revised 
by  Konijn(  1967  b) 

0.74  - 0.02  ’ ■ 

27 

Hagedooxn(l 957 ) 

0.43  i 0.03  ' ' ■ 

' 26 

Ristinen(1963) 

0.77  - 0.04  . I 

'29  ' 

B ir  yukov(l  966) 

( 

0.77  i 0.06 

27 

Konijn(1967a) 

O.S3  t 0.06 

27 

Konijn(1967b) 

0.76  t 0.035 

•29 

Konijn(1967b) 

0.69  + 0.03 

27 

Albrecht(1975) 

.1.86  i 0.17 

51 

Good(1946) 

408 


2 

Ele- 

■Eoat 

A 

S:c  " 

(keV)  ■ 

Find 
state 
(keV) . 

_ . F’«+ 

tTT  it  . K/  6 

1 f-  . . 

^EC/  ^3'*' 

V 

Kethod 

b 

' Keferenoc 

25 

Kn 

52 

.. 

• 

* 

2.01  i 0.24 

’ 27 

Sehr(1954) 

, '1 .85  - 0,19  . 
/' 

Konijn(1958c)  revised  "by 
Koftijn(1967b) 

1.S4  i 0.20 

30 

Wilson(1962) 

2.04  - 0.24 

' ( 

■ 26 

Freedman(l  966) 

^1.80^0.13 

'27 

Konijn(1967b)  . 

2.12  i 0.17 

■ 29 

Konijn  (1967b) 

26 

Fe 

52 

2572  i 12 

548 

o 

i! 

+ 

0.77  i 0.18 

31 

Arbman(]  955) 

. . -0.82  . 

31' 

Jdiano(1959) 

‘1.6  i 0,4  . 

. 24 

Friedlander  (1951a) 

27 

Co 

56 

4568.2  i 1.9 

several 

4"^  several 

' 4.3  - 0.2-  . ; 

26'’ 

Cook(1956) 

3120'  ■ 

4-W(5)-" 

12 

. 26 

Sakai{1954) 

• 

2085 

.+  . ,+ 

4 ->4  ,, 

0.35  ~ 0.07  ; 

2e’ 

Sakai(1954) 

0.014  i 0,152 

■27 

Ber4nyi(1965c) 

■ 

; - 

0.23  i 0.22  1 

26 

- Ber^nyi(196.£c) 

27 

Co 

5®. 

bos.o  - 2.5 

810.5 

2‘*'->2’^  4.92^0.09 

0.  117+0. 089 

27 

22 

Vatai(1966) 

Joshi(196l) 

An+r 


4) 


^SC/  • 

Usthod 

Reference 

^ J 

. 20 

Kramer  (1962b) 

1 

24  fc.S'l 

Bambyn.ek(  1968b) 

5.9  ~ 0.2  i 

31 

Good(i946) 

5.9  - 0.2  ' ; 

,25 

Cook(1956) 

i 

5.67  - 0.14 

• ,.27 

Konljn(1958a) 

5.49  i 0.18  , : 

f 

30'- 

Raima  swamy(  1961) 

5.48  i 0.09  ^ 

' 29 

Biryukov(1966) 

■5.76  i 0.13  ' j 

• 1 
1 

28- 

'Williams(1970)  and 
Goodier(197l) 

24 

Friedlander(1950) 

..>1 .0  i 0.1  ' 

26 

Konijn(1956) 

/ 1 

'j.i3ib.-oi  I 

26 

Konijn(1958a) 

1.15-0.04 

' 27 

K6nijn{  1958b) 

1 

1 .68  i 0.2  ‘ 

30 

Chilbsi(l962) 

1 

1.14  i 0.1  • . 1 

26 

3akhru(1967) 

18  i 6 • ! 

27 

Konijn(1958b) 

OT-fr 


Z Sle-  A Final 

=ent  state 

> . ( kei;) 

/i  ■ 

h/Y  ■ '■ 

■ ^SC/Pp+ 

Method 

Reference 

' 

' 

. 27  i 3 

30 

Chilosi(1962) 

♦ 

■ . 

■ 

■•,  .2^ 

27 

Bakhru(1967) 

1750 

■ 

'6-1  ■-  ■ : . 

30 

Chilosi(1962) 

t 

~7  • ■ ■ > 

27 

Bakhru(1967) 

1490 

2%r 

2^2 

> 

; 1.438  ^ 0.059  ' 

27 

Konijn(  1958b) 

2 i 0.4 

30 

; Chilosi(1962) 

. . 

1.5^0.08  j. 

. ‘27 

Bakhru(1967) 

1570 

1“^  1 • 

0.805  - 0.040  • 

27 

Konijn(1958b) 

• 

r 

1 - 0.2 

30 

Chilosi(1962) 

• 

••  ' ' 

.1  i 0.1  . 

27 

Bakhru{1967) 

1590’  • 

i%T 

- 

/v4  j 

j 

-30 

Chilosi(1962) 

. .-5  ! 

* 1 

. 27 

Bakhra(1967) 

1460 

2 ^ • 

2.5-1 

27 

.Bakhru(1967) 

29  Cu  61  2245.2  i 2.3  several' 

.■  h- 

several 

0.55  - 0.06  . 

' , k 

25 

Bouchez(1949) 

0.32  - 0.03 

, J 

Huber(1949) 

tut 


‘3.6“  ’fcon-liinu^  \ 


z 

Ele-  A 
r.ent 

0 ^ 
(keV) 

Final 
state 
(keV)  • 

J i - Jf 

Rsfercn'ce 

29 

Cu  64 

1677.5  i.1.8 

1340;  0 

i't-»2'*;otj 

3.5  i.1  ■ 

1 

•.23‘ 

Cook(1948) 

* 

2,65  i 0.4  ■'■  ' ' 

.25 

1 

Bouchez(1949) 

1.75^0.2 

•!  ' 

Huber  (1949) 

> 

• • 

• 

2.18  i 0.20 

■ • ; ' 23 

Pla  s smann  { 1 9 5 1 ) 

•:  . 

2.32  i 0.28  1 

Reynolds(1950) 

30 

Zn  62 

1690  i 8 , 

sever^ 

ci>  several 

■ Oil  ;■  31 

Hayward(1950) 

* 

0 

O'^-^  l'^  • 

4.4,  - 0.« 

‘ 31- 

Hoffman(1969) 

30 

Zn  65 

1350.7  i 1.1 

0 

.r_>.r 
2 2 

. 27 

• ' 24 

Watase(1940) 

V 

18.8 

i 27 

2urnwalt(1947) 

- 

25  - 10 

31 

Major(1952) 

21.3  i 1. 

! 51 

Major{1952) 

1 

21.8  - 2. 

25 

Yuasa(1952) 

28.0  ~ 3. 

■ '23 

Perkihs(1953) 

26*  3 

i • 20  . 

Avignon(l‘95S) 

25  - 2 ■ 

•.  • 31 

Gleason(1959) 

412 


J.u  I tiOKTilllUeCL  I , ' 


2 

Sl?- 

■ceat 

A 

0^^  Pinal 

1 ■ f . 

. PS  , Pd+ 

•EC/  P 

i 

Method''^ 

Reference  ' • ' 

50 

Zn 

65 

. 

27.7  i 1.5 

■ 1 ' 

1 

■ '5.1 

'Hamme  r ( 1 9 68 :) 

• . ; 24  i : . 

•/  “ • 

31 

Good(1946)  ' 

^ .24.9  i 1..5 

;27 

Sehr,(l954) 

0^5llssvoral  '0.'52 

29..‘6  + 0.  5 . 

, 31 

,Steyn(1966) 

'51 

'Ca 

6S 

5175.0  - 5.0  .aevorol 

25 

Langer(19'50)  . 

51 

Ga 

63 

2919.4  i 5.9  1078 

lt_>'2‘*’  1.'2sio.12 

' I 

t 

51  ' 

Ramas'wamy(.r959b) 

<0  ■ 

‘‘o.l  i 0.'02 

i 

I 

V i ' 

'31 

Ramas'wamy(l'959b) 

52 

-6e_ 

■66 

2102  - 15  several 

'O"^  several 

. , 1 .45  '*  0.2 

51 

Ricci(1960) 

1 

i 

52 

Oe 

69 

• 2225  .'5  ~ 2,4  ■unjaiown 

■unknown  ^ . 

; 31 

'McCo'wn(l'948a,) 

' 55 

Is 

71 

'2009  ~ 7 several 

; 1 2.'1  'i  1 

« t 

. 1 ' 

* 

25 

‘Thulin'(  1954a) 

■ 

several 

... 

■■ 

• ■ 

..v,2 

' ■ 1 

, .51 

'Me  C o'wn(  1 948b) 

55 

As 

74 

2565.7  “ 2. '9  several  . 

2'^  several  1-.42 

t 

, 20 

Scobi,e(1957a) 

I 

• 

• 

'596 

2~-^  2*'  ' 1 ..5 

j 

26 

0 ohan's  s on  { 1 9 5 1 ) 

. 1 .4'9 

' ' * » 

1 ' 

. ( <1 

.20 

'Scobie'(1957a') 

1..52  - 0.;i.4  * 

51' 

Gr'igor'  ev(l  958a) 

•1 .47  ~ '0.55 

26 

H'Oren'(1959) 

H 

'VJ 


TABM  3,.  6 (aontirmod^ 


z 

Ele-  A 
aent 

Ssc  ^ 

(keV) 

Pinal 

state 

(koV) 

jn  , jTT  Pjc/  "’3^ 

1 - X , 

^EO/ 

Hethod^ 

Reference 

33 

As  74 

• \ 

1 .288  i 0.018 

27 

■7atai(1968c) 

1200 

' 2"— ?■  2’*’ 

.>■.3.2  ! 

' 31 

Horen{1959) 

34 

3e  73 

2740  t 10  ' 

several 

(|  )->several  0.59 

, • 

23' 

Scott(195l) 

425 

'a  -'^2  0.45 

1 

26 

Scott(195l) 

35  . 

3r  75 

3010  i 20 

tuiknovm 

\jnknov.n,  . <^.0.1 

26 

Baskova(1961 ) 

35 

Br  76’ 

5100  SIST 

several 

1-=> several  0.5  - 0.2 

■24  . 

-Jirgis(1959b) 

35 

3r  77 
*» 

1354.5  i 2.8 

several 

1 .^several  20 

• ■ 

24 

Woodward(1948b) 

39.8  - 6.2  ; 

27 

Sehr(1954) 

35 

Kr  77 

3000  i,30 

several 

(|  )-vseveral  2.6. 

.31 

“Wo  od'ward(1948a) 

0.21  i 0.1 

! 

23. 

i^’hulm(1955) 

35 

Kr  79 

1631  i 9 

several 

several  50 

, i 

■31 

■Woodward(1948a) 

• 

MO 

> 

' ■23- 

3ergstrttm(1951 ) 

' 8 i 4 

-23 

3ergstrOm(1952) 

■ 14.1  - 4.0 

23 

Radvanyi(1952b) 

9.3^2 

. \ 

23 

i'hulin(  1954b) 

-tll-h 


Method 

' '* 

Keferonce 

;23 

Radvanyi(1955b) 

1 

i 

29' 

lianghoff  ( 1 9 66} 

* 1 

25 

I^anghoff(1966) 

* , i‘  * 

1 

■24 

Karraker(1930) 

1 i 

' ' * 1 i 

31 

Welker(1955) 

i 

\ 

31 

Konijn{  1 958/ 59) 

1 

31 

■Welker(1955) 

* l 

1 

*w  22 

• 

Goedbloed(1970c) 

, { . 

5.72^0.12  ! 

27 

Kbnijn(1958a) 

1 

'46  : 

26- 

Z oiler  (1969) 

( 

• . 1 

-2  1 

/.  ’26 

Goldhaber(19Sl) 

^ 4 i 1 !■ 

26 

Shore(1953) 

t 

5.48  i 0.15  1 

i 

- - 

Monaro'1961)  revised  by 
! van  Patter{1964) 

5.43  ~ 0,10  1 

26 

van  Patter (1964) 

3.47. i 0.21'  1 

26 

Hinr  ichBen(1968) 

s 


■p- 

H 


. aViBL3‘,  3.6  \(cQmilVJTSl ) 


z 

Klc- 

Ker-I: 

■A 

(koV) 

Final 
S'tate  > 
( kcV) 

L,  f. 

t>' 

Method 

Reference 

2^2  - 1.8 

derived  by  van  Patter(1964) 

40 

Zp 

'89a 

■ 3422.1  i 3.0 

. 1510 

from,  results  of  Shore(1953) 

3.76  - 0.19 

31 

van  Patter(1964) 

42 

'wo 

90 

■ 2487  - 4 

several 

O"*^ several'  ‘ ‘3.0  - 0.5 

26 

Cooper(1965) 

42 

J'o 

91 

4443  - 28 

0 

|-^|  {5.05  - 0.34)  X 10“^ 

24 

Fitzpatrick(1975) 

1 

45 

Tc 

95 

518S  i 15 

several 

(|  )->several  7.20  i 0.67 

■27 

Sehr(1954)  . 

1350; 1500 

(|)->^  G.7  i 2.2 

26  &.  31 

Levi(1954:) 

45 

Tc 

94 

4260'  i 6 

several  ' 

(6’*',7'*^)->.scveral  6.1 

26 

Monaro(1962) 

14.9  i 0.7  - 

31 

|MatusKek(1963) 

/ 

‘ 2422  . 

(6-",7V6^  .•  7.5  i 1.8 

26 

Hamilton(1964) 

,45 

95a 

1740  i 11 

several 

(|  )^sovoral  • 2.5  x 10^ 

51 

Medicus(1950) 

• < 

5.8  i 10^  ' 

. 31  • 

Levi(1957) 

*=5)  W 

(2.5  - 1)  a:  10^ 

31. 

Unik(1959) 

*t3  O 

8§ 

(2.5  i 0.'2)  X 10^ 

31 

Cretzu(1965) 

204V2 

•(^•)-^f  78  . ; 

. 51  ■ 

Levi(1959) 

> 

•S® 

62 

31  • 

Cretzu(1965) 

0 

(|  ) 1 -23 

51  . 

H ‘ 

Levi(1959)’ 

z 

Slo- 

aient 

A 

a 

SiC 

(keV.)  • 

Pinnl 
state 
(keV  ) 

^EC/ 

t , 

bi 

Method 

Sefercnce 

4-5 

Rh 

100 

3630  - 20 

several 

1 ,2~->  several 

'AS 

24 

l,in.diter(  1 948 ) 

46 

Pd 

101 

1990  i 15 

several 

(-)—>•  several 

-«9 

24- 

liindnier(1948)'( 

' 

■ ,«24 

24 

Katcoff{19S6) 

47 

As 

103 

1921  t 8 

0 

1*'-^  0"^  9.6 

25 

Perlman(<19S3) 

• 

5.6  t 1 . 

25 

Frevert(l'965) 

' 9.3 

51 

Wahlgren(l,960) 

48 

Cd 

107 

’1417  i 4 

several ' 

2 ->  several  320  ->  20 

ZS 

Bradt(1945) 

49 

In 

114 

• 1451  - 7 

several 

•i*  * 2 

^several  5.4  x 10 

r 

31 

jTodzins{1956.) 

.50 

Sn 

111 

2508  - 26 

several 

7'*'  ^ 

^'.❖several  2.50  - 0.25  ■ 

26 

McGinnis(195l) 

0 

7"^  . 9^ 
2^2 

2.7  - 0.2' 

1 

2.20' i oils 

y 

■25 

31 

S .yder(1965.> 
Rtvier(1971) 

51 

St 

113 

3398  i 32 

several 

JL 

5 * 

several  0.25  - 0.04 

t 

26 

Kisclev(1969) 

51 

Sb 

115 

3030  i 20 

several 

2 ->  several 

1.99 

' 26. 

Vartanov(196  3). 

1.22  i 0.06. 

* * 

26 

KiEeIev(1969) 

51 

Sb 

116 

4500  i 40 

sovorol 

( 3 , 2 *")  ->  several 

3.5 

• 26 

Fi..ik{196l') 

M 

~o 


GViBT^  3>6  .(conximi^d/ 


z' 

Slo- 

nsnt 

A 

'a 

(koV) 

Piriol 

suate 

(l:eV) 

j"  r ; 'x/V 

P , Pq  + 
EC/.  • 

Method  ^ 

Reference 

51 

Sb 

116m 

5000  i 40 

2900 

. (8“}->7“ 

' -4.22  i 0.20  ' , 

\ 

29  , 

Bolotih(1964) 

51 

Sb 

117 

1753  * 40  • 

158 

2 2 

■ 38.5  i 7.4 

30 

McGinnis  (19  55) 

• .977 

• 

■ 26 

3askova(1964) 

51 

Sb 

118m 

3835  ~ 6 

• 2572  ■ 

(8~)-^7' 

620  - 40 

29 

3olotin(1961) 

51 

Sb 

120  ■ 

, 2680  - 7 

0 

l"^-^  0"^  ■ .1 .057  - 0.035 

• 24 

Campbell(1975) 

51 

Sb 

122  ■ 

1610.1  i 3.3 

0 

2~— > o’** . • 300  i 1 30  • 

31. 

31aubman(1955) 

* 300  - 50  ■ 

31 

Perlman(1958) ' 

52 

Te 

117  ■ 

3490  - 30 

several 

; 

■' ';2-3, 

. 31. 

Fink(1961) 

53 

I 

118 

6100  SYSr 

iinkiioTm. 

unknown  0.76  i 0.16 

24 

Andersson(1965) 

53 

I 

119.  . 

5200  ~ 400 

unknown 

unlcnovTn  ’ 0.86  i OilO 

24 

Andersson(1965) 

53 

I 

120 

5300  Sl'ST 

■ unknown 

iinkno'.m  1,04  - 0.09 

,,24 

Andersson(1965) 

53. 

I 

121 

2370  SYST 

several 

5*^  +' 

)eseV0ral  9 - 1 

.•  24 

Anders  son(l’965) 

55 

I 

124 

3160  i 10 

several 

2~~^  several 

-'<2.3 

■ 31 

Marquez(1950) 

2.7  i 0.4  • 

,25 

3irgls(1959a) 

OEIGINAIl  PAGE}  IS 

2.2 

'25' 

Mitchell(1959) 

! 

OE.SOOR  gOAIMS 


r* 

U 

Sle-  A 
nenii 

a 

^?Q 

(keV)  . 

yinal 

stsite 

(keV) 

j!^  - j’! " 

1 I 

■ vv. 

b 

Method 

.Reference 

53 

I ’ 126 

2151  ±5 

0 

2~— >0'*' 

12,5 

t ‘ 

•'  31 

Ma.rty(l'953) 

• 

• J 

21-8 

. 51 

Perlman('l  954)' 

s 

• 

20.2  * 2.0 

' 3l’ 

Koerts(1955) 

. 

667 

• 2“-r>  2‘*‘ 

>75 

• ‘.31 

Marty(l'953) 

' 

95  - 10 

. 31 

Koerts{1955) 

. 

200  • ' 

. 

• 

Singh(1970) 

. 165-5 

. 25 

Harmer(1959) 

53 

I ' 12S 

.1254  - 4 

0 • 

I’^-;^  o'*"  ' 

1800  - 400 

• 

31 

Langhoff  (1961) 

55 

Ca  125 

3070  - 20 

tmknOTm. 

tirJaiown 

1.03-0.07 

-.25 

Friedlander(1962) 

55 

Ca  '127 

2090  i 20 

several 

■ several 

27.7  i 1.7 

25  • 

Friedlander(1962)' 

55 

Cs  132 

2099  - 23 

667.6 

2“— »2‘^ 

78  t 26 

, 

' 31 

Jha(196l) 

- 

53.5  - 8.7 

22 

3overse(1974a) 

(1 .6  t o.6>  X 10^ 

26 

Robinson(196E) 

(3.5  i 1.7)'  x.10^' 

29 

raylor(1963) 

<M 

O 

• 

30 

■raylor(1963) 

3 . 6 ( contin'ggd  } 


Z Sle-  A 0.^  S'  , Pinal  , 

rkeV  ^ ® • 

(I'ev)  1 f ^ 


Pt.a/P«+  Method  Reference 
au/  p 


57 

La 

131 

2960  - 

40 

several 

r + 

• --^several  2.31  ~ 0.31 

• ' 25 

Cr  eager  (1959/60) 

57 

La 

134 

3710  i 

25 

several 

1 — > several 

. 1*3 

24 

Stover(1951) 

0 

I’^-^O'*’  0.40  ± 0.04 

25 

Biryukov(1965) 

57 

■ La 

136 

’2870  i 

70 

several 

1%>  several 

2 

24 

Naumann(1950) 

53 

Ce 

131 

4300 

SY52 

unknown 

inknovm 

26 

Norris(1966) 

59 

Pr 

136 

5200 

SXST. 

several 

(2,3'^)“>  - . 1 .3  - 0.4  . . ' 

several 

25 

Danby(1958) 

0.65  - O.OV  ■ 

■.  25 

KeteUe(197l) 

59 

Pr 

137 

2750  - 

40 

■ several 

+ 1 
(|  )->.  2.05  i 0.3 

several 

25 

Danby(1958) 

/ 

2.5  i 0.2 

25 

van  Hise(1967) 

59 

Pr 

138 

4437  i 

10 

several 

(6,7>S)->-saveral 

, t ' 

7.7 

24 

Stover(19Sl) 

• 

3.35  - 1.1 

26 

Fujioka(1964) 

4.5  i 1.2 

, 25 

Danby(1958) 

59 

Pr 

139 

2112  i 

20‘ 

several 

c+ 

{•|  )*>several 

16 

24  • 

Stover(1951) 

• 

• 

11.3-1.0 

25 

Danby(1958) 

If 

lO  § 


(5)^  2 
^2  -'^2 


Biryukov(1963b) 


02-t7 


1 .0  - O.'l 

0.897 

0.90  - 0.08 

(1  ■*■)->  o'*'  0.76 

.0.74  i 0.05 

60  'Kd  K1  1305  ~ 15  several  |•^•sovoral  ~60 

^ • . . 

. . 

48  i 9 


0 


50.4  - 2.5 

21.1  i 1.0 


mU 

28  - 1 


^BC/.  ^p"*"  Method  “ Reference 


2 . 24 

' • 0.85 

25  • 
25 
, 25 
:'Z5 

.r 

•23 
. 24' 
25 

' 55.6  - 5.6'  _ 25 

t 

21.9  ■ ;25 

•'25 
25 
' 25 


Wilkinson(1949) 

Rasmus  sen(l  957) 

Browne(1952)  • 

Brabec(1960) 

Evans(1972) 

Biryukov(1960) 

Biryukov(l962)  and  (1970) 

Wilkins  on{  1949) 

Polak(1958). 

» 

I 

Grissom(1966) 

Beery(1968) 

Evans(1972) 

3iryukov(1963a) 

3iryukov(1970) 


421 


Q!ABIiE  3.6  ^'Tcontinued 


z , 

.Hie-  A 
Kent 

%c  * 

(keV) 

I’infiil 

state 

(keV) 

p P + 

jTT  _ IT  - -^K/  0 

i " f , 

; ho/ 

4 

Iklethod 

^ Heforence 

61 

Pn'  141 

' 3730  i 40  . 

unknown 

TJnknown  ~0.67 

\ 

25 

Gratot(1959) 

61 

Pm  '142 

4S20  * 100 

unknown 

unkn,o\7n  ~<0.05 

24 

Gratot(1959) 

62 

Sm  U3S 

3479  i 28 

several 

+ • 0.30  + 0.04 

several  ~1 .7 

25 

24 

Penev(1974) 

Gratot(1959) 

'• 

0.98  t 0.09 

25 

Belyanin(1966) 

. 

1.27  i 0.11 

• 25 

Evans(1972) 

0 

1 1 0.92  i 0.09 

25 

Biryukov(1970) 

1173. 1 

2 2 ■ 

63  + 10® 

31 

Firestone(l  974) 

1403.1 

^ ->  unknown 
2 

35  4 5 

31 

1515.0 

,+ 

A ->  ual«iown 
2 

30  4 7*^ 

31 

' 

63 

Su  , 143 

- 5000  + 200 

1536.7  . 

■f  4 
5,%5 

2 2 

0,62  4 0.06 

31 

Fireotone(i974)’ 

1565.9 

2 V2  2 / 

0,694  0. 15*^  ‘ 

31 

"OO 

t*=El  pj 

, 1715.1 

0.75  4 0. 17^  ■ 

31 

1912.6 

1.07  4 0,11 

31 

Btei 

422 


z 

Sle—  A 
aent 

0 ^ 
(keV) 

?inal, 

state 

(IceT) 

^K/  •• 

• ^sc/P'p-^  .. 

_ _ 

Heference 

65 

Ett  T45 

2720  i 15, 

0 

5%  r 
2^  2 

<5 

: 21 

* 

Avotina(l  965a) 

f 

• 

'3.4  •• 

51 

Zhelev(1967.) 

•5.0,  - 0.5 

3l' 

Muzior(l'.966)- 

. \ 

1 

894 

5i>r 
2 2 

100  i 20 

51 

Avotijia‘(l  965a) 

120 

•.  V 

Z'helev(1967)’ 

70  t 9 

■ 31 

Muzlol*^  {1966) 

80 

. 21.- 

Adam{1967b) 

65 

Eu  146 

5872  t 9 

several 

(4~)->  several 

21;  25 

Takekoshi(l  964) 

1584 

(4~)->  7 

7.9  - 1.2 

25 

Funk('1962.) 

2051 

(4“)“^  ? 

19  -t  8 

25 

Funk(1962), 

63 

Eu  147 

1762  - 9 

198.1 

■5%r 

2,2 

I'lO  + 30 

31 

Avotina(1966;1965b)' 

• 

155  -t-  50 

31 

MuzioF('1966)‘ 

302  +150 

31 

Adami(1967a) 

(continue^) 

P„_/Pq+  Method  Reference 
iuu  p 


31  Avotina(1966;1965b) 

31  Muziol’(l966) 

31  Adam(1967a} 


31 

Muziol'(1966) 

31 

Atarn  1967a) 

31 

Pi’r;:  = C'n(1963) 

31 

Gromov(1965) 

25 

■ Chu(1971) 

31 

Wilson(1960) 

irZfr 


XAiSliJi:  3.6  (continued) 


Z EJe-  A 
ment 


64  Gd  145 


(keV) 


Final  „ „ 

^ ^ _TT  ,TT 

state  J.  -J, 

(keV)  ^ ^ 


Method 


5311  +120 


808,  5 

i^r 
2 2 

1041,9 

1567.3 

X / X X X\ 

1 ->(  JL  3‘5  1 

2 V2  2 2 y 

1599.9 

iV  1^^5+\ 

.2  \2  2 2 y 
+ + 

1757,8 

1-43 
2 2 

1761,9 

unknown 

2 

1845.4 

i -» r .3 1 1 
.2  V 2 2 y 

1880,6 

iV ) 

2 V2  2 y 

'4" 

■2048-.9 

->  unloiown 

O 

.2113.9 

1 -»(  3 5 1 * 

2 V2  2 

2494,8 

RO " 

2642.2 

1+  ->  unknown 
2 

CO 

00 

31 

1..0  + 0.1 

31 

37  + 18 

3,1 

13  + 6 

31 

1..87+  0.09 

31 

2, .6  +0.8 

31 

43  + 21 

31 

- 

■■ 

2. 15+0..  12 

31 

4.2  +1.0 

31 

I'b  + 4 

31 

4,!S  + 0.5  , 

33 

8.1  +0.9 

31 

Reference 


Pirostonc(l974:197S) 


I’ABLl!:  3 . 6 fcontinuGi 


z 

Sle- 

•sent 

4a 

( keV) 

Final 

state 

(ksV) 

■■■ 

1 £ 

i J 

^EC/  ^6' 

+ Method 

'■  Reference 

• 70 

7b 

162 

2300  SYST 

o-'-^i^ 

36 

''  51 

Abdurazakov(1974)  ’ 

71 

Lu 

163 

4360  i 80 

several 

(1“)-+ several 

• 8 

31 

Merz(196l) 

i 72 

Hf 

171 

2600  syst 

662,0 

2 2 

144+3 

'■  4 • 

1 

<25 

26 

*ViTilson(1969)  , 
Gnatovich(  1 974) 

73 

Ta 

173 

1910  i 100 

0 

■1-Wo*  . 

110  i 70 

i ..  25 

7aliagher(196l) 

■ • 77 

Ir 

186 

3831  i 20 

868.7 

*1” 

uaknovm-?  6 

6.5  - ? 

i 

' i 

1 

26 

Emexy(1963) 

1453.1 

unlaiown-»-{6''’) 

17 

1 

i 

• 26 

Ernery(1963) 

: 79 

i.U 

190 

4400 ' SYS2 

several _ 

l"4  several 

50 

25  ■ 

Jastrzebski(i96l) 

t 

81 

. 

200 

2454  5 

367.97 

2 '-^2'*' 

110  - 10 

.. 

Konijn(1960) 

' 

t 

102  r 9 ■ 

( 

1 . .r 

van  Nooijen(1962) 

83 

3i. 

207 

2405  - 3 

569.6 

. 

2^2 

(6  i 1)  X 10^ 

26 

i 

i - 

Ri.pnik(1972) 

^ Q-,—  values  are  taken  from  IVapstra  and  Gove  (1971). 

SC 

^ Methods  are  identified  by  nvimbers  explained  in  Table 

^ Relative  measurements,  normalised  to  the  transit  on  to  the  1056,6  keV  state  of  Pm. 

^ Relative  measurements,  normalised  to  the  transition  to  the  1107, EkeV  state  of 


h3  § 

§i 

«63 
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TABLE'  3,7  .Allowed  Transitions  - Comparison  of  Selected  Results  with  Theory 

(a)  Results  -for  K/P^  Ratios 


Ele- 
. ment 

A 

Einal' 

state' 

(ke'V) 

1 ' .1 

Experimental  values 

Theoretical  val'ues 

. • 2 

Q ■ ^ 
.EC 

(keV)'  . 

b 

Me- 

thod 

■ Reference 

, 1 

6- 

• c 

11 

1982.2+1,0;. 

..  0 ,, 

3."  3“ 

(2,30  10"^ 

■ -21 

Campbeli(1967) 

(2.11  +0.01)  10"^ 

2 2 

‘ » i 

” * • 

7 

N 

13 

2220,5+6,9 

q 

, r.r . 

(1,68. +0,12)  lO"^ 

21  ' 

Ledingham(1965) 

(1.800+0.  006i)  I'O"^ 

. 

2 2 

* 3 

O 

15 

2759.2+0,9 

• - 0 

1“  ■ ' 

{1. 07  +0. 06)  10“^ 

21 

Leiper(1972) 

(0.  911+0,.  002[)  10"^ 

. 

2 ■ 2 

^ " 

9 

r 

18 

16533. ‘3+0,  9 

0 

I’-O"^ 

(3.  00  ■■+0. 18)  10"^ 

20 

Drevei'(1956) 

(3. 14, +0,02)  10"^ 

. Ne 

19 

.3238,2+0.9 

0 

(9.6  +0,3)  ,10''^ 

- 21 

■Leiper(1972) 

(9.28  +0.02)  10"^ 

•• 

2 2 

1!  . 

Ma  . 

2?.' 

2242. 3+0, 5 

1274,6  . 

3^2+ 

oil  05  +0,  009 

' 22 

McCann(1969) 

01023+0.0004 

■ 15 

P 

30 

4227.4+2; 6 

0 

'-r-0^ 

, (1.’24  +0.  01)  lO"^ 

21 

Lodingh.am(,197l) 

1.233  +0.005)  10”^ 

27 

Co  " 

58 

2308.  0+2,. '5 

8 10. '5 

, + H' 
2-2 

4.92  . +0. 09 

22' 

Joshi(1961) 

4.  97  +0..1 1 

4.83  +0, 10 

' 20 

Kramer(1962  b)  ' 

- . 

• 

5.05  +0..09  Combination 

'•of 

31 

24  €ind 

■Bamhyhck(l  968b) 

io 

Zn  ' 

65 

1350.7+.1,  1 

, 0 . 

28,  ,0+3.2, 

23 

Perkins(1953) 

30,5  +0.4 

• 

- 2 '2 

25  .+2 

, 31 

/pleason(l 9,59)  ' 

27.'7--+'K.5'  ’■ 

31'  • 

‘Hamhicr(1968) 

-P- 

fo 

-<3 


TABLE  3.7  . (a)  continued, 


Experimental 

values 

Theoretical  val.;.';s 

z 

Ele- 

ment 

A 

®EC 

(keV) 

Final 

state 

(IteV) 

_ TT  -TT 

*i 

V’=B+  ' ■ 

■ Me- 
thod 

b 

Reference 

31 

Ga 

68 

2919. 

,4+3.9 

1078 

1.^ 

I. 28  +0, 12 

31 

Rama  swamy(  1959b) 

1.36  +0.03 

42 

Nfo 

91 

4443 

+28 

0 . 

2 -2 

(‘5.  05  +0.34)  10”^ 

24 

Fltzpatrlck(1975) 

■ (5.50  +0.22)  lO"^ 

51 

Sb 

120 

2680 

+7  , 

0 

•i^o."'; 

1, 057  +0.035 

24 

Campbell(1975) 

1.24  +0.02 

57 

La. 

134 

3710 

+25  ■ 

0 

■ l.^-O’' 

0.40'  +0.04 

25 

Biryukov(1965) 

0.48  +0.02 

' 59 

Pt 

140 

3338 

+6 

, 0 

(l-')-0+ 

.0.74  +0.03 

25. 

Biryukov(1962,1970) 

0.85  +0.01 

• 60 

Nd 

141 

1805 

+ 15 

0 

3^5  + 

2 2',’ 

23+1 

26 

Biryukov  (1970) 

35.3  +3.2 

62 

Sm 

143 

3479 

+28 

0 

r + 

3 _2 
2 2 

0,92  +0,09 

25 

Biryukov(1970) 

0.98  +0.05 

66 

155 

2099 

+6 

227.0 

•- 

'2  ^ 2 

44  '+5  • 

.31 

Persson(1963) 

44.0  + 1;5 

Q.%, 
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TABLE  3.7  (continued)'  (b)  Results  for  EC/P^  Ratios. 


1 

Experimental 

values' 

Theoretical  -values 

z 

Ele- 
ment A 

Q ^ 
EC 

(keV) 

Final  _ 

state  2T. 

(keV),  ^ 

'’ec'V 

•'b 

Me- 

thod 

Reference- 

11- 

Na 

22 

2842.3+0.5 

1274.6.  3'*‘-2’^ 

. 6. 1041+0...  0010 

28 

•wrilUams(1964',I96B).0 ..1117+0.  0004 

* 

■ 

0.1048+0.0007  . 

27 

Leutz  ('1 9.67  ): 

• 

0..  1042+0.  0010 

27. 

yata-l(ig68c-)' 

• 

0. 1077+0. 0003 

2.7' 

MacM'ahon(;19'7  0')' 

.23 

V 

’ 48 

4015.4-+:^8 

4*  4" 

2295.  4-4 

0.77 

-tO.04 

29 

BlEy:ukov(1966) 

0.78  +0.01 

.. 

, 

■ 0,83 

+0;.  06 

29 

Koni-jn(196-7b‘) 

• 0. 76 

+0, 035 

27 

Konljn(  19  6‘7.b). 

25 

Mn 

52 

4709.8+3.5 

3112 

1.86 

.+0.  17 

31 

G'ood(,l’94'6-). 

2;..09i  •+0'.  06 

2.  01 

+ 0.24 

2-7 

Sehr(;i9'54); 

1.84 

+0.20 

30'. 

Wilson(1962)' 

2..  04 

+ 0„24 

26 

Freedman(‘1966')' 

1 . 8'0 

+0..13.  . 

27 

Konijn(1967b) 

2.  12 

+0.  17 

2,9 

Konijn.('1.967'b)' 

62-i7 


TABLiE  3.7  (b)  contijiued 


Experimental  values 

Theoretical  values 

z 

Ele- 
ment A 

°EC 

(keV) 

Final 

state  S.  - 

(keV)  ’■ 

^Ec/V 

thod 

Reference 

'■ec/*’s* 

27 

Co 

58 

2308.0+2,5 

810,  5 

2+-2+ 

5.67  +0, 14 

27 

Konijn(I958a) 

5.62  +0.12 

• 

5., 49  +0.  18 

30 

Ramaswamy  (1961 ) 

. 

5.48  +0.09 

29 

Biryukov(1966) 

• 

' 

5.76  +0,  13 

28 

Williams(1970)  and 
Goodier(197l) 

28 

Ni 

57 

3243  ‘ +7 

1490. 

l".i" 

1.438+0. 059 

27 

Konijn(  1958b) 

1,48  +0.07 

2 2 

.1,5  +0.08 

27 

Bakhru(1967) 

1370 

3".3" 

0.805+0.040 

27 

Konijn{1958b) 

0.888+0,  032 

, 

2 Z 

1.0  +0,1 

27 

Bakhru(1967) 

30 

Zn 

65 

1350, 7+1. 1 

0 

1-1 
2 2 

24.9.  +1.5 

27 

Sehr(1954) 

34.5  +0.4 

40 

Zr 

89 

2834, 1+3. 0 

910 

9^9■^ 
2 2 

3,48  +0. 15 

" 

Monaro(196l) 
revised  by 
van  Patter{1964) 

3,40  +0.05 

3.43  +0. 10 

26 

van  Patter(1964l 

• 3.47  +0.21 

26’ 

. Hinrichsen(1968) 

VoO 

o 


TABLE  3.7  (b)  continued. 


Experimental,  values’  Theoretical  values 


z 

Ele- 

ment 

A 

Q ^ 
EC 

. (keV) 

Final 

state 

(keV) 

- jJ- 

1 f 

p /e  + 

• b; 

Me- 
thod' Reference- 

40 

Zr 

89m 

3422. 

1+3.  0 

1-510 

1 "_3" 
2-  2 

3.76  +.0..1.9 

31 

van-  I?atter{J‘964) 

3..55‘  +0j  06- 

50- 

Sn 

1.1-1 

2508 

+26 

0 

1^-1^ 
2 2 

2.20  +0. 15 

31 

Riviex(1971); 

1 . 87.  +,o;  116 . 

51 

Sb 

11 6m 

5000 

+40 

2900 

(8") --7- 

4.22  -to, 20 

29.' 

Bolotin(il964) 

5.9^  +.1.1 

51 

Sb 

118m 

3885 

+6 

2572  • 

(8')-7‘ 

620-  -t40 

29 

Bolotin(;i96l)> 

830  +80' 

^ Q-c’r-  values  are  taken  from-  Wapstra  and  Gove  (1'971)' 
b 

Methods  are  identified  by  numbers  explained  in  Table  3;  I'.. 


TABLE  .3.8 


First  Forbidden  Unique  Transitions 


Experimental  values  Theoretical 


z 

Ele- 

ment 

A 

Q ^ 
^EC 

(keV) 

Final 
state 
(keV  ) 

'sV  - j^' 

1 f 

‘b  , 

Me- 
thod Reference 

: unique  forbidden  values 

37 

Rb  . 

84 

2679.8+2.9 

6 

1.12  +0.25 

31  Konijn(1958/59) 

0.94  +0.01 

51 

Sb 

122 

1610.1+3,3 

0 

2"-0'*’ 

300  +50 

31  Perlman(1958)  and 

■ Glaubnaan(1956) 

254  +11 

53 

!• 

126 

2151  +5 

0 

2“-0‘*’ 

20.2  +2.0 

31  Koerts(1955) 

21. -1  +0.7 

a 

Q ^ values  are  taken  from  Wapstra  and  Gove  (1‘971). 
b . 

Methods  are  identified  by  numbers  explained  in  Table  :3,1. 


to 


TABLE  3.-9  . First  Forbidden  Non-Unique  Transitions 

(a)  K/P^  Ratios 


Experimental  values  Theoretical  (allowed) 


z 

Ele- 
■ ment 

A 

“ec 

(keV) 

Final 

state 

(keV) 

J.  - 

yp3+ 

, Me- 
thod 

b. 

Reference 

37 

Rb 

84 

2679.8+2.9 

880 

5!  15 

+0.  38 

31 

Welker(19'55) 

3.51 

+0.  06 

3.96 

+0. 16 

22 

Goedbloed(  1970c) 

'53 

'I 

126 

2151  +5 

667 

2 -2 

95 

+10 

31 

Koerts(1955) 

■>  138  • 

+7  . 

63 

Eu 

145 

2720  +15 

0 

'5'*'_7~ 

3,0 

+0.  5 

31 

Muziol'(1966)  ^ 

. 3.39 

+0, 14 

2 2 

894 

i^-1’ 

100 

+20 

31 

Avotina(1965a) 

43.9 

+4  ,.2 

2 2 

70 

+9 

31 

Muzio^(1966) 

63 

Eu 

,147 

1762  +.9 

198. 1 

+ 

5 .3 

160 

+30' 

31 

Avotina(l'966) 

197 

+1 6 

2 '2 

121.8 

5 _5 

170 

+30 

31 

Avotina(1966) 

2 2 

165 

+35 

31 

Muziol'  (1966) 

119 

+8 

55 

Cs 

132 

2099  +23 

-667.8 

- + 
2 -2 

53,  5 

+8.  9 

22 

Goverse(1974) 

. 264 

+7,1  . 

81 

T1 

200 

2454  +5 

367,97 

•* 

2 -2 

, 110 

+10 

31 

Konijn(1960) 

65.7 

+ 1.4 

102 

+9  , 

27 

van  Nooijen(1962) 

TABLE  3.9  (continued) 

(b)  EC/e'*'  Ratios 


Experimental 

values 

Theoretical  (allowed) 

z 

£le  “ 
, ment 

A 

Q ^ 
^EC 

(keV  ) 

Final 

state 

(keV) 

1 I 

b 

Me- 
thod Reference 

33 

As 

74 

2563,7+2.9 

596 

2‘-2'*' 

1.32  +0. 14 

31  Grigor’ev(1958  a) 

1.24  +0. 01 

1'.  288+0.  018 

27  Vatai(1968  c) 

37 

Rb 

84 

2679.8+2.9 

880‘ 

. 2 "-2.+ 

5.72  +0. 12 

'27  Konijn(1958a) 

3.97  +0.07 

53 

'I 

126 

2151  +5 

667, 

• 2‘-2‘*‘ 

165  +5 

29  Harmer(1959) 

159  +8 

a 

values  are  taken  from  Wapstra  and  Gove  (1971). 
b 

Methods  are  identified  by  numbers  explained  in  Table  3.1,. 
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TABLE  4, 

6.  E>’per3 

'■fic-nt  5! 

or:  Uot 

.At 

z 

Ele- 

ment 

A 

Final 

state 

(keV) 

It  V 

- Jf 

EC 

(keV) 

Deduced  cfuantities' 
E„  (keV)  ^ others® 

Spectro 

meter 

Method^ 

Reference 

4 

Be 

7 

0 

3/2“-3/2~ 

861.75  i 

0.09' 

851  ~ 

12 

GS  (Xil.) 

ib/y 

Mutterer  ( 1 973b 

477.6 

3/2~-1/2“ 

384.1  - 

0.1 

395  - 

25 

^IB 

Nal 

IB-y-coinc. 

Lancman  (1971b) 

388  - 

8 

I 

IB 

Nal 

IB-y-coinc . 

Persson (1972) 

17 

Cl 

36 

0 

+ + 
2-0 

1144.1  i 

1.7 

1170  - 

40 

Nal 

Dougan(1 962) 

1162  - 

45 

Nal 

Berenyi  (1962,631^ 

1178  - 

15 

Nal 

Lipnik (1964) 

1158  - 

18 

Nal 

Berenyi ( 1 9 6 5a , b ) 

1141  - 

8 

R dt 

eff , ■ 

Nal 

Smirnov (1 973) 

18 

A 

37 

0 

3/2‘''-3/2‘^ 

814.1  ~ 

0.6 

818  - 

15 

Nal 

Anderson  ( 1 9 5 2 , 5 3^ 

818  - 

20 

Nal 

Emmerich (1954) 

Nal 

Lindqvist (1955) 

I 

IB 

Nal 

IB/K-Auger 

Saraf (1956) 

20 

Ca 

41 

0 

l/2~-Z/2^ 

421.2  i 

0.5 

^IB'’  \ff 

Ge  (Li) 

IB/N^ 

Myslek(1973) 

23 

V 

49 

0 

7/2~-7/2" 

601.2  - 

1.0 

621  - 

10 

Nal 

Hayward (1956) 

24 

Cr 

51 

0 

7/2“-7/2" 

751.4  i 

0.9 

756  - 

5 

Nal 

Bisi  (1955b)  o 

a 


Z Ele-  A Final  - jJ 

ment  state  ^ ^ 

(keV) 


®EC 

(key)  -• 


320.1 

7/2"-5/2~ 

431 .1 

i 1 .0 

25 

Mn 

54 

835-3 

3+-2+ 

540.1 

±'3.6 

3/2  -5/2"  231.7  - 0.7 


26  Fe  55 


0 


Reference 


Deduced  guantitie'S  Spectro  Method 


Others'*^ 

_ meter 

786  ± 50 

P.  from 
Y 

Nal 

ib/y 

Cohen (1955) 

•752  - 22 

Nal 

Van  der  Kooi(19 

730  - 20 

from 

I 

IB 

Nal 

iB/y 

Of er (1957) 

794  - 60 

P„  from 
Y 

T 

IB 

.Mai 

ib/y 

Murty (1 967) 

748  ± 14 

P from 

^IB 

Ge  ( I>r ) 

ib/y 

Ribordy (1 970) 

760  - 15 

^eff 

Ge(Li) 

ib/y 

Mutterer (1973a, 
c) 

429  - 16 

• Nal 

IB-Y”COinc . 

Koonin(1972) 

512  - 25 

NaT 

IB-Y"-coinc . 

Lancman (1969) 

639  - 100 

! 

Nal 

XB-Y“COinc. 

Kadar (1970) 

518  - 8 

^IB 

Nal 

IB-Y-coinc. 

Koonin (1972) 

~ 150 

( 

GM- count. 

Bradt (1946) 

212  ± 10 

Nal  ■ 

Maeder(1951) 

212  ±'  20 

Nal 

Bell(1952) 

i) 

222  - 10 

^IB 

Nal 

IB/KX 

Michalovicz (T9 5 

227 

,NaI 

Madan'sky  (1954) 

232  - 10  ‘ 

Nal 

Emmerich  (1954) 

z 

Ele- 

A 

Final 

Ji 

^EC 

(keV) 

Deduced 

Quantities 

Spectro 

Method^ 

Reference 

ment 

state 

(keV) 

(keV) 

b , , c 

others 

meter 

Nal 

IB/KX 

Saraf (1956) 

227  - 10 

Nal 

IB/KX 

Biavati (1959,62) 

224  - 4 

\ff 

Nal 

Berenyi (1965b) 

248  20 

Nal 

Raj (1969) 

27 

Co 

57 

136.3 

l/2'S/2~ 

700.4 

- 0.'7 

434  - 30 

Nal 

IB-y-coinc . 

Jung (1956) 

674  - 30 

Nal 

IB-y-coinc. 

Lancman  (1971a) 

28 

Ni 

59 

O 

3/2“-7/2” 

1073.1 

- 1.1 

1073  - 30 

Nal 

Emmerich (1954) 

^IB 

Nal 

IB/Kx 

Saraf (1956) 

Nal 

‘ * 

Hayashi (1960) 

DT 

Nal. 

S'chmorak  (1963) 

1075. 1±1. 

3 DT 

Nal 

Berenyi  (197  6) 

3,2 

Ge 

71 

0 

l/2“-3/2" 

235.1 

- 1.7 

236  - 12 

Nal 

Saraf (1953) 

"iB 

Nal 

IB/Kx 

Saraf (1954b) 

• 

237  - 5 

Nal 

Langevin  ( 1 9 5 4 <1) 

231  - 3 

^IB 

Nal 

IB/Kx 

Bisi ( 1 955a) 

46 

Pd 

103 

39.7 

S/2^-l‘/2^ 

513 

- 27  . 

+ 27 
517  - 
SI  / ^2 

Nal  ' 

Rietjens'CI  954) 

TA3I 


z 

Ele- 

ment 

A 

Pinal 

state 

(keV) 

EC 

(keV) 

50 

Sn 

113 

391 .0 

1/2'*‘-1/2“ 

634 

± 14' 

646.5 

1/2'^-3/2“ 

378 

- 1,4 

51 

Sb 

119 

23.8 

5/2'^-3/2‘^ 

555 

- 20 

53 

I 

125 

35.5 

5/,2'*‘-3/2‘'' 

112. 

5 - 1.0 

55 

Cs 

131 

0 

5/2'*’- 3/2'*’ 

355 

± 6 

62 

Sm 

145 

61.2 

1/2^ 

-7/2'*' 

577  - 

7 

66 

Dy 

159 

0 

3/2“ 

-3/2^ 

365.4  - 

1 .0 

68 

Er 

165 

0 

5/2“ 

-7/2“ 

371  ^ 

4 

74  W 


381 


+ 


10 


Deduced  cruantities 
(keV) ^ ’ other s° 

Spectro 

meter 

Method^ 

Reference 

930  - 

300 

Nal 

Phillips (1 960) 

108  - 

5 

Nal 

IB-Y“COihc . 

Bosch(1967) 

555  - 

20 

Nal 

IB/Kx 

Olsen(1957) 

141.5- 

2,.0 

•Ge(Li) 

> 

Gopinathan (1968) 

356  - 

10 

■ Nal 

IB/Kx 

Saraf (1 954a) 

356  ± 

10 

Nal 

Hoppes, (1  956) 

Nal 

IB/Kx 

Michalowicz (1956 

T 

IB 

NaX 

IB/Kx 

1, 

Biavati(1959,62) 

584  - 

15 

Nal 

t 

Bros! (1959) 

e 

.IB/(i^+Y)  / 

547  - 

10 

^JB 

Nal 

IB-e~  -coxnc 

. Sujkowski (1  968) 

3^0  ± 

-/d? 

Nal 

i 

Ryde (1963b) 

y 

A/ct£ 

’ If/o^Cfeh.  df£S') 

I ^ 
IB 

Nal 

IB/(Kx+y)  . . 

Sujkowski (1965) 

370  - 

10 

Nal 

IB/Kx 

Ryde (1963a) 

372  - 

8 

^IB 

Nal 

IB/Kx 

Zylicz ( 1 9631 

^IB 

Nal 

IB/Kx 

Sujkowski (1965) 

Rao(1966 


190  - 16 


Ge(Ll) 


V.*) 


TABLE 


DRIGINAII  PAGE  13 
5)P  POOR  QUALrry 


f 

. ' 4t  , S 

■ ' ^ ■ . -1, r;<; r-*;'  • ’ i 

•^y  ! j y-i-" 

r ; 

‘i  \ 

* * T,  , 

z 

Ele- 

ment 

A 

*^1/2 

®EC 

(keV) 

jl  - 

Degree  of 
forbiddeness 

18 

A 

37 

35  d 

814.1  - 

0.6 

3/2‘^“3/2^ 

allowed 

23 

V 

49 

330  d 

601.2  - 

1 .0 

7/2"-7/2“ 

26 

Fe 

55 

2.6  y 

231 .7  “ 

0.7 

3/2"-5/2“ 

32 

Ge 

71 

11 ,4-d  - 

235.1  - 

1.7 

1/2"-3/2~ 

'55 

Cs 

131 

9.7  d 

355  ? 

6 

5/2'‘‘-3/2'‘‘ 

67 

Ho 

163' 

>10^  y 

9.0  - 

1.5 

7/2”-5/2" 

68 

Er 

163  ■ 

75  min 

1208  - 

6 

5/2"-7/2“ 

68 

Er 

165  ■ 

10.3  h 

' 371  - 

4 

5/2'-7/2" 

65 

Tb 

157  - 

150  Y 

64  i 

■5 

3/2'’'-3/2‘“ 

first  non-unique 

78 

Pt  • 

193 

620  y 

61  .2  i 

3.0 

1/2“-3/2'^ 

20 

Ca 

41 

8 X 1o\ 

421.2  i- 

0.5 

V2'-2/2^ 

first  unique 

36 

Kr 

81 

2. lx  lO^y 

290  i 

100 

7/2'^~3/2"- 

25 

Mn 

53 

2 X lO^y 

597.3  - 

1 .2 

l/2~-3/2~ 

second  non-unique 

28 

Ni 

59 

8 X lO^y 

1073;1  - 

1.1 

3/2"-7/2~ 

43 

Tc 

97 

2.6x  lo\ 

346  - 

9 

9/2'*'-5/2'^ 

57 

La 

137 

6 X lO^y 

~ 500 

7/2^-3/2‘^ 

52 

Te 

123 

1 3 

1 .2x10 '•^y 

57.2  - 

2.4 

\/2^-n/2^ 

second  unique 

.^from  Wapstra  and  Gove  {’1971) 


IA;iLE  . 8 - ’Is  IS  ‘s:  per;  I*  m ; r m ?,  ;t 


r t> 


•;  5 *./  •:{/' 


z 

Ele- 

A 

Final 

®EC 

(keV) 

Deduced  Quantities 

Spectro 

Reference 

ment 

state 
(keV) • 

^EC 

(keV) ^ 

others^ 

meter 

25 

Mn 

54 

835.0 

3'^-2+ 

540.1 

+ 

3.6 

528 

i 20 

Nal 

Jung (1956) 

26 

Fe 

55 

0 

2/2~-S/2~ 

231.7 

+ 

0.7 

^1  s 

Nal 

Biavati (1 959 ,62} 

38 

Sr 

85 

514.0 

9/2'^-9/2‘^ 

550 

+ 

7 

493 

- 30 

Nal 

McDonnell (1969) 

48 

Cd 

109 

87.7 

3/2'^t-7/2''‘ 

^ 94 

+ 

3 

' 94 

i 3 

Ge(Li) 

Gopinathan (1968) 

50 

Sn 

’ll  3 

646.5 

1/2‘^-3/2“ 

378 

+ 

14 

100 

- 10 

Nal 

Jung (1956) 

53 

I 

125 

35.5 

5/2'*‘-3/2‘’' 

112.5 

± 

1 .0 

"l  41 

.5-2 

• 

Ge(Li)  • 

Gopinathan (1968) 

55 

Cs 

131 

0 

5/2’’'-3/2‘‘‘ 

355 

+ 

6 

jl  s 

Nal 

Michalowicz (1956) 

62 

Sm 

145 

61.2 

l/2~-l/2^ 

577 

+ 

7 

^1  s 
IB 

Nal  , 
Nal 

Biavati (1959,62) 
Sujkowski (1 968) 

68 

Er 

165 

0 

5/2~-7/2“ 

371 

+ 

4 

370 

± 8 

Nal 

Zylicz (1963) 

384 

4- 

- 20 

Nal 

Sujkowski (1965) 

74 

w. 

181 

O 

9/2‘^-7/2''‘ 

187 

+ 

10 

184 

± 12 

Ge  (Li ) 

Rao( 1966a) 

80 

Hg 

197 

77.3 

1/2"-1/2‘*' 

338 

+ 

20 

686 

± 40 

'is 

IB 

Nal 

Jasinski (1965) 

81 

T1 

204 

0 

2“-0'’' 

345 

+ 

4 

335 

Nal  • 

Der  Mateosian (1 95 J 

^ t 


z 


A 


a 


Deduced  quantities 


Ele- 

ment 


•Pinal  - jJ 

state 
(keV) 


(keV) 


(keV) 


;b 


other, s 


Spectro  Reference 
•meter 


376 

20 

’Na'l  . 

■Ju4g‘(,1'9'56) 

393 

+ 

I'O 

INal 

.Biavat  i X 1 9 5 9 6 2 ) 

;wai 

Goiidsmit  (1  96,6.) 

385 

+ 

20 

1-s 

■^IB 

Mai 

Laricraan '( 1 97  3 ) 

^Calculated  using  values  from  Wapstra  and  Gove  (1971) 

^partly  recalculated  from  measured  1^-IB  endrpoint  energies,  using  K-electron  binding  energies 
from  Bearden  and  Burr  (1967)  . 

c 1 s ^ 

ilB  = is-IB  intensity 

d ‘1-45 

“includes  bremsstrahlung  of  the  8%-EC  branch  to  the  groundstate  of  Pm. 


• 0 


rABLE  9 


Measured  IB  intensities  for  allowed  and  first  nonunique  forbidden  transitions, 
compared  with  theoretical  values . 


> 

Ele- 
z ment  A 

Pinal- 
state  J,  - 

{keV}  ^ ^ 

F 

®EC 

(keV) 

Energy 

range 

(keV) 

Inten- 

sity- 

ratio 

Experiment . 
value  c; 

(xIO  ) 

Theoretical^ 
values (xIO 
MS  MG  Int 

Reference^^ 

Allowed  transitions  . AJ  = 0,1.;  = + 1 


1 

Be 

7 

0 

3/2“ 

-3/2“ 

861.75-0,09 

523. 

’■■"max 

Ilg/W^C 

9. 0-0. 6 

9.35 

8.56 

8.57 

Mutterer (1  973b; 

477.6 

3/2“ 

-1/2“ 

384.1  -■*‘0,1 

50 

- 360 

^ib'^^ec 

10.3-0.6 

9.95 

9.19 

9.20 

V 

Persson (1972)“ 

100 

- 360  . 

"ib/^ec 

8. 6-0. 6 

7.82 

7.25 

7.26 

Persson  (197  2) 

120 

- 360 

^IB^'^EC 

7. 7^0. 5 

6.83 

6.39 

6.35 

H 

Persson (1972) 

120 

- 360 

4.9-1 

6.83 

6.39 

6.35 

Lancman ( 1 9 7 1 b ) ^ 

18 

A 

37 

O 

3/2’^ 

-3/2‘‘’ 

814.1  -0.6 

35 

-k 

max 

52  -13^^ 

52.1 

36.9 

37.6 

Saraf  (1  956)'^ 

>4 

Cr 

51 

0 ■ 

7/2“ 

-7/2“ 

751.4  -0.9 

348. 

^ ^max 

^ib'^^ec 

9.56-0.60 

14.6 

9.13 

9.43 

Mutterer  (1  973a)'' 

320.  1 

7/2“ 

-5/2“ 

431.1  il.O 

130 

-425 

^IB'^^EC 

7. 2-0. 4 

8.34 

5.41 

5.58 

Koonin (1 972) ^ 

15 

Mn 

54 

835.3 

-2+ 

540.1  -3.6 

100 

-420 

^IB^^EC 

5.8^1 

16.5 

10.5 

10.8 

Lancman (1969)^ 

82 

-k 

max 

^IB%C 

17.2-3.8'^^ 

18.1 

11.5 

11.9 

Kadar (1970)^ 

82 

-515 

^IB^^EC 

15.4-0.8 

18.1 

11.5 

11.9 

Koonin (1972)^ 

!6 

Fe 

55 

0 

3/2“ 

-5/2“ 

231.7  -0.7 

50 

“k 

max 

"ib/^k 

4.0-1  .O'^^ 

3.42 

2.20 

2.28 

Michalov;icz  ( 1 95 
b'Mi 

TABLE  9 


(continued) 


Ele- 

Pinal- 

A" 

^EC- 

(keV.) 

Energy 

Inten- 

Experiment 

. Theoreticalj. 

‘ ^ 2) 
Reference 

f 

z 

ment  A 

state 

(keV) 

range 

(keV) 

sity- 

ratio 

.value  ^ 
(xio"^.)' 

values  (x  10  ■.) . 
MS  MG  Tilt' 

-w; 

Ab''"k' 

1,.4io.4^^ 

1.68 

1 .07 

1 .11 

Saraf (1956)^ 

1 

Biavati ( 1 959 / 62) 

® , '^max 

®/w 

1 .5-0.8- 

3,.  76 

2.15 

2.26 

27 

Co  57 

136.3 

7/2“-5/2“ 

» ' 

700.4  io.7 

180  -465 

^8^1  .1'^^ 

21  .0 

12.8 

13.3 

Lancman  (1971a)"' 

32 

Gs  71 

0 

1/2'"-3/2“ 

235.1  -t.7 

70  -k„,^ 

max 

2.3^0. 5 

2.82 

1 .70 

1.79 

Bisi(1955a,)^ 

51 

Sb 

119 

23.8 

5/2^-3/2'^ 

555’ 

^20 

0 

— k 

max 

■ 

10.6-1.2^^ 

22.0 

8,46 

10.2 

•Olsen(1957)° 

f 

Biavati  (1959,62)^ 

55 

Cs 

131 

O 

5/2'*'-3/2'^ 

355 

^6 

0 

— k 

' max 

4>k 

1 .4-1..0 

7.61 

2.25 

3.14 

68 

V* 

165 

0 

5/2“-7/2“ 

371 

"4, 

93. 

-306 

1.63^0.16 

4.87 

1 .05 

1.67 

jSujkowski  (1  965)^ 

. 

* 

182 

-306 

0:53^0. 06 

1 .52, 

0.3,4 

0.50 

jSujkowski  (1965' 

185 

“300 

O • 

• 

V.O 

1+ 

o 

• 

2.39 

1.28 

1,43 

!ZyliC2  (1963) 

185 

-300 

0.89-0.12 

2.39 

1.28 

1.43 

iSujkowski  (1  965' 

TABLE  4,9 


(continued) 


2 ) 

Ele-  Final-  ..  Energy  Inten-  Experiment.  Theoretical,.  Reference  ' 

Z ment  A state  J.  - J-  E_-  ' range  sity-  value,.  values  (xiO 

(keV)  . . (keV)  ratio  (xIO  MS  ?>1G  Int 


First  nonunigue  forbidden  transitions  AJ  = 0,1;  = -1 

- - — 1 f 


62 

Sm 

145 

61.2 

7/2“ 

-1/2^ 

577  -7 

120 

-239 

6. 7-0. 7^^ 

11.9 

5.87 

• 6.73 

Sujkowski ( 1968) 

120 

-412 

10.1*1 .0^^ 

20.7 

9.18 

10.6 

Su jkowski ( 1968) 

169 

-412 

7.3*1  .2’^^ 

15.1 

6.08 

7.14 

Sujkov7ski  (1968) 

129 

-412 

T-1S 

^IB''^K 

4. 6*0. 8 

14.9 

3.90 

5.28 

Sujkov?ski  (1  968)'^ 

169 

-412 

3. 6*0. 5 

12. -2 

3.19 

4.25 

c 

Sujkowski (1 968) 

66 

Dy 

159 

0 

3/2" 

-Z/2^ 

365. 4±1 .0 

185 

-300 

1 .0*0.3^^ 

2.24 

,1.18 

1 .32 

Sujkowski (1 965) 

80 

Hg 

197 

77.3 

1/2” 

-1/2'^ 

686  ^40 

350 

-550 

1 .6*0.3 

5.49 

0.83 

1 .26 

Jasinski(1965)^ 

Xr 

o 

o 


TABLE  ^•10.  Average 

of  the 

experimental“to-theoretical 
atomic  number  Z . 

IB  yield  <Pg  tor  various 

regions 

•'  — ■■  ‘ 

Region  of  Z 

4 < Z '<  80 

z = 4 18  < Z < 32 

51  < Z < 80 

Number  of  independent 
measurements 

19 

3 11 

5 

Theory  of: 

< D'  .T,  > 

Morrison  and  Schiff 

0.66 

0.91  0.76 

0.32 

Martin  and  Glauber 

■ 1.19 

0.98  1.19 

1.31 

Intemann 


1 .06 


0.98 


1i . 1.0 


Oi92 


TABLE  ^.11.  Circular  Polarization  of  IB  in  allowed  EC  transitions 


Z Ele-  A Final  ' 
ment  state 

(keV) , 


E, 


a) 
EC 

(keV) ' 


Energy  range  Degree  of  Polari-  Reference 

(keV)  Polariza-  meter, 

tion  type 


18 

A 

37 

0 

' 814'.  1 

+ 

0.6 

200  - 

max 

1 .03 

± 

0.04 

f .s.m. 

Hartv/ig  (1  9 58) 

■ 

0.97 

+ 

0.15 

f .s.m. 

Mann  (1  958) 

24 

Cr 

51 

0(90.2%)  . 

751 ,4 

+ 

0.9 

0.67 

+ 

0.07 

f .s .m. 

. Vanderleedon 

- 

320.1 (9.8%) 

431.3 

1 .0 

1.2 

+ 

0.1 

r.t.m. 

(1971) 

Kuphal  (197  4) 

26 

Fe 

55 

0 

231.7 

+ 

0.7 

85  - 220 

0.98 

+ 

0.1 

f . s .in. 

Parfenova (1960 

32 

Ge  ' 

71 

O 

235.1 

+ 

1'.7 

70-120 

0,4 

f , s .-m. 

Bernardini (195 

a) 


from  Wapstra  and  Gove 


(1971) 


b) 


f • s • m • 


= forward-scattering  magnet 


r.t.m.  = radial  transmission 'magnet. 


^9-*7 


TABLE  5« 

iflectroH  ejection 

probabilities  per  K 

capture  (in 

multiples  of  10  , 

k.-  or  L- 

Isotope 

Pr imakof f- 

rtiKs^ 

Ihtemariri^ 

electron 

PoPter^ 

i d 

eject  ion 

27^7 

14.2 

21.12 

57 

Ih 

ii.2 

8.81  .. 

8.26 

6.4 

32^® 

6.68 

4.56  ' 

4.72 

■3.3  • ■ 

55CS 

1.62 

0.709 

0.92 

2.6 

165£ 

68^’^ 

0.767 

0.304 

0.39 

2.9 

^Primakoff  and  Porter  (1353),  evaluated  by  Mukoyatna  ^ (1973). 

^Mukoyama  e_t  aj,.  (1973). 

‘'Inteitiann  (1969),  as  evaluated  by  Iritemann  (1974). 

*^K-electron  ejection  accompanying  L capture  and  L-electron  ejection 
accompanying  K capturej  after  Mukoyama  and  Shimizu  (l97^).' 


464 


TABLE  5b  2.  Double  K-vacancy  production  probability  (due  to  internal  ionization 
and  excitation) , per  K-capture  event  (in  multiples  of  10~^) , 


Isotope 

Theory 

Primakof f- 
Porter 

MIKs'^ 

Experiments*' 

18^^  ■ 

38.6 

23.0 

37+9 

Kiser  and  Johnston  (19.59) 

44+8 

Miskel  and  Perlman  (1954) 

^^Fe 

26-^ 

18.5 

15.8 

38+17 

Charpak  (1953) 

32 

12.2 

8.85 

• 24 

Briand  ^ (1971) 

13±8 

Oertzen  (1964) 

13.3±1.4 

Langevin  (1957,  1958) 

4.13 

1.79 

, 1.33±0.33 

Nagy  et  al.  (1972) 

-2.011.3 

Smith  (1964) 

5. 0+1.0 

Daniel  ^ (1960) 

2.510.2 

Lark  and  Perlman  (1960) 

2.70 

1.09 

0.6710.39 

Nagy^al.  (1972) 

1.510.4 

Ryde  ^ (1963) 

^Primakoff  and  Porter  (1953),  as  evaluated  by  Mukoyama  et  al.  (1973). 
^Mukoyama  et  al.  (1973). 

"^"X-ray-K-x-ray  coincidence  experiments,  except  for  K x-ray  satellite 
71 

measurements  on  Ge  by  Oertzen  (1964)  and  Briand  et  al.  (1971). 
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Figuire^  Catation^ 

FIG.  2-1.  The  function  I(l>l,l,‘r)  vs . distance  r from  the 
drigin  (in  riiuitipleg  of  the  nuclear  radiUs  R)  for  various  nuclear 
charge  digtfibution§ s a)  uniform  charge  distribution  [Eq.-  '(2-55)]; 
b)  E'dtmi  distribution/  with  t=0.4R  [Eg.  (2-61)];  d)  daussian  dis= 
tiributidn,  with  A=0  [Eg.  -{S.-BS)];  d)  modified  Gaussian  distribution, 
with  A=l.- 

PIGj  2-2.  ^2/^  exchange  and  overlap  correction  factors.  The 

solid  and  broken  curves  were  recalculated  according  to  the  approaches 
of  Bahcall  (1963a,  b;  196^)  and  Vatai  (1968,  1970) , xespectively , 
with  wave  functions  from  the  Hartree-Fock  program  of  Froese-Fischer 
(197^),  Results  of  the  relativistic  calculation  of  Suslov  (1970a), 
following  Bahcall' s theory,  are  indicated  by  triangles,  and  those  of 
the  calculation  of  Martin  and  Blichert-Toft  (1970) , based  on  the  same 
approach  as  Vatai' s,  are  indicated  by  crosses. 

FIG.  2-3.  exchange  and  overlap  Correction  factors.  See 

caption  of  Fig.  2-2  for  details. 

71 

FIG.  3-1.  Typical  K,  L,  and  M spectra  from  the  decay  of  Ge 
measured  with  a multiwire  counter  system.  In  the  M spectrum,  back- 
ground and  degradation  tails  were  subtracted  and  a Poisson  distribution 
fitted  to  the  data  (after  Genz,  1971a). 
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FIG.  3-2.  Multiwire  proportional  counter  {after  Scobie  e^  al. , 
1959.  ■ - ' 

PIG.  3-3'.  Block  diagram  of  multi  wire-proportional-counter 
electronic  system  (after  Genz  e^  al. , 1971a) . 

37 

FIG.  3-4.  The  M region  of  the  Ar  spectrum,  with  the  single- 
electron spectrum  produced  by  introducing  ultraviolet  photons  from- an 
external  source,  normalized  to  the  M spectrum  (after  Renier  et  al . , . 
1968) . 

37 

FIG.  3-5.  The  normalized  M and  L spectra  from  Ar  decay,  cor- 
rected for  dead  time  and  background  (after  Renier  et  al'.  , 1968)  . 

FIG.  3-6.  Block  diagr^  of  single-wire  proportional-coun-ter 
'electronic  system  (after  Genz  et  al'. , 1972), 

FIG,  3-7.  Assemblies  of  source  and  envelpping  crystals  (after 
Goedbloed  et  al.,,  1970a)  . 

131 

FIG.  3-8.  Spectrum  of  Cs  measured  wi-th  a doped  Nal  (Ti.) 
crystal.  Elimination  of  escape  effects  by  extrapolating  to  a zero 
surface-to-vol'ume  ratio  (after  Schulz,  1967a). 

185 

PIG.  3-9.  M-electron  capture  decay  to  the  646-keV  level  of  Re. 
(a)  Spectrum  of  M events,  tb)  Extrapolation  to  correct  for  escape 
effects  (after  Schulz,  1967a) . 

FIG.  3-10.  Block  diagram  of  coincidence  apparatus  to  measure 

193 

Pt  M-  and  L-capture  peaks  (after  Ravn  and  Bj^geholt,  1971)  . 


46? 


FIG.  3-11.  Block  diagram  for  coincidence  measurements  with 
internal  solid  sources  (after  Leutz  ^ al. , 1966) . 

FIG.  3-12.  Comparison,  of  ejgjerimentally  determined  L/K  capture 
ratios  for  allowed  transitions  (solid  circles)  and  first-forbidden 
non-unique  transitions  (open  circles)  with  theoretical  predictions 
based  on  wave  functions  of  Mann  and.Waber  (1973)  and  exchange  and 
overlap  corrections  X according  to  Bahcall  (1963,  1965) , Vatai 
(1970a)  and  Martin  and  Blichert-Toft  (1970) . 

FIG.  3-13.  Comparison  of  experimentally  determined  M/L  capture 
ratios  for  allowed  transitions  (solid  circles)  and  first- forbidden 
non-unique  transitions  (open  circles)  with  theoretical  predictions 
based  on  wave  fimctions  of  Mann  and  Waber  'and  exchange  'and  overlap 
corrections  X^'^^  according  to  Bahcall  (1963,  1965)  , Vatai  (19_70_a) , 
and  Martin  and  Blichert-Toft  (1970) . 

FIG.  3-14.  Comparison  of  esq^epimentally  determined  P values  for 
allowed  transitions  (solid  circles) , first- forbidden  non-unique  transi- 
tions (open  circles) , and  first- forbidden  unique  transitions  (squares) 
with  theoretical  predictions  based  on  wave  functions  of  Mann  and 
Waber  (1973)  and  exchange  and  overlap  corrections  according  to 
Bahcall  (1963,  1965). 

FIG.  3-15.  Number  of  allowed  positron  emitters,  as  a function 
of  half-life. 

« 

FIG.  3-16.  Continuous  gas-flow  system  used  for  K/3  measurements 


k6P. 


with  short-lived  low-Z  isotopes. 

PIG.  3-17.  Diagram  of  counter  used  to  determine  K/g  ratios  of 
and  K-capture  events  and  positrons  are 

detected  in  the  central  counter;  only  positrons  have  sufficient  energy 
to  be  detected  in  the  plastic  scintillator. 

FIG.  3-18.  Typical  pulse-height  spectrum  from  the  central  pro- 
portional counter  in  Pig.  3-17,  in  anticoincidence  with  the  plastic 
scintillator.  The  counter  gas,  introduced  in  flow  mode,  was  90%  Ar 
and  10%  CH^.  Radioactive  phosphine  was  introduced  in  trace 

amounts  (<1%  of  Ar/CH^)  from  an  irradiation  vessel  to  the  main  flow 
line  carrying  the  counting  mixture. 

22 

PIG.  3-19.  The  870-eV  K-capture  peak  of  Na,  measured  with  an 
internal-source  scintillation  counter  in  coincidence  with  another  Nal 
detector,  closely  located  to  register  the  -1.274-MeV  deexcitation  y 
rays  of  ^^Ne. 

91 

FIG.  3-20.  Niobium  K x rays  from  the  decay  of  Mo,  measured  with 

a Si (Li)  detector  with  a resolution  of  185  eV  at  5.9  keV.  The  Nb  Ka, 

'f* 

and  K8  peaks  are  well-resolved,  even  in  the  presence  of  a 3 spectrum 

twenty  times  as  intense  as  the  K-capt\ire  branch.  The  Mo  Ka  peak  is 
+ 

caused  by  3 induced  fluorescence  in  the  source. 

FIG.  3-21.  Molybdenuia-91  K x-ray  spectrum  measured  with  a 
5.7  X 0.63  cm  NaI(T^')  of  28%  resolution  at  22  keV.  The  fine  structure 
evident  in  Fig.  3-20  is  no  longer  visible. 
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FIG-  3-22-  Thin,  self-supporting,  evaporated  sources  are  placed 
between  two  CaF^CEu)  crystals.  Although  CaP^  has  inherently  a lower 
light  output  than  Nal  (T£-)  , the  crystals  are  nonhygroscopic  and  can  be 
used  without  windows  between  source  and  crystal. 

FIG.  3-23.  Typical  electronic  arrangement  for  triple-coincidence 
measurements , 

*(• 

PIG.  3-24.  Ratio  of  experimental-  to  theoretical  allowed  K/$ 

+ 

and  EC/p  .ratios. 

- - 

PIGi  3-25.  Theoretical  K-capture  to  positron-emission  ratios  for 
allowed  transitions. 

FIG.  3-26.  Theoretlcsl  K/fi"*"  rstios,  ' 

PIG."  4-1.  Feynman  Diagrams  for  electronic  and  nuclear  mode  con- 
tributions to  radiative  electron  capture.  

FIG.  4-2.  IB  spectra  for  radiative ' capture  from  various  atomic 
55 

shells  of  Pe,  according  to  the  thpory  of  Glauber  and- Martin  (1956). 

FIG.  4-3.  Relativistic  correction' factor (k) , according  to 
the' exact  results  of  Martin  and  Glauber  (1958)  ahd'Ihteraann  (1971). 

FIG.  4-4.  Comparison  of  several  theoretical  results  for  the 

relativistic  correction  factor  R,  (k) . The  exact  result  is  deduced 

Is 

from  Eqs.  (4-44)  and  (4-45),  the  low-k  expansion,  from  Eqs.  (4-38)  and 
(4-39),  and  the  high-k  approximation,  from  Eg.  (4-40). 

55 

PIG.  4-5-  K-capture  IB  spectrum  for  Pe  according  to  the 
theories  of  Morrison  and  Schiff  (1940)  (MS)  [Eg.  (4-14)],  Glauber  and 


Martin  (1956)  (GM)  [Eq.  (4-22)],  and  Martin  and  Glauber  (1958)  (MG) 

[Eq.  (4-36) 1 . GM  includes  relativistic  effects  to  lowest  order  in 
Za,  while  MG  is  fully  relativistic. 

FIG.  4-6.  IB  spectra  for  radiative  capture  from  various  atomic 
shells  of  ^^^Er.  The  solid  curves  represent  the  fully  relativistic 
results  of  Zon  (1971) , while  the  dashed  curves  are  deduced  from  the 
results  of  Glauber  and  Martin  (1956) . [After  Zon  (1971) ] . 

FIG.  4-7.  Screening  factors  s^,  according  to  Martin  and  Glauber 
(1958) . 

FIG.  4-8.  Polarization  and  asymmetry  functions,  P (k)=a,  (k) 

and  P,  (k)=a_  (k) , and  related  ftmctions  for  Z=18.  The  Is-state 
2S  25 

curves  are  deduced  from  the  exact  results  of  Martin  and  Glauber  (1958) 
and  Intemann  (1971) , the  2s-state  curves,  from  the  results  of  Glaiaber 
and  Martin  (1956). 

PIG.  4-9.  Polarization  and  asymmetry  functions,  P,  (k)=a,  (k) 

Is  Is 

and  P-  (k)=a.,  (k) , and  related  functions  for  Z=51.  The  Is-state 
2s  2s 

curves  are  deduced  from  the  exact  results  of  Martin  and  Glauber  (1958) 
and  Intemann  (1971),  the  2s-state  curves,  from  the  results  of  Glauber 
and  Martin  (1956) . 

FIG.  4-10.  Relativistic  correction  factors  (k)  and  (k) , 

Is  Is 

according  to  Zon  and  Rapoport  (1968) , for  several  atomic  nximbers.  The 
function  is  the  same  as  of  Martin  and  Glauber  (1958) ; it  has 

been  evaluated  using  the  high-k  approximation  [Eqs.  (4-40)  or  (4-76)], 
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(2) 

has  also  been  evaluated  in  the  high-k  approximation  [Eqs  (4-76) ] . 

The  three  points  shown  on  the  ordinate  represent  the  results  of  an 
exact  evaluation  of  (0)/  using  Eq.  (4-41)  or  Table  4.5,  for 

Z=20,  50,  80  (in  descending  order). 

FiGs  4-11.  Comparison  of  theoretical  results  for  the  K-captvire 
4l  _ ‘ - 

IB  spectrum  for  Ca.  The  theories  of  Morrison  and  Schiff  (1941)  and 
Martin  and  Glauber  (1958)  for  an  allowed  transition  are  represented 
by  the  curves  MS-A  and  MG,  respectively.  For  a \inique  first-forbidden 
transition,  the  corresponding  curves  are  those  labeled  MS-F  and  ZR, 
deduced  from  Eq.  (4-79)  and  the  res\ilts  of  Zon  and  Rapoport  (1968) 
evaluated  to  first  order  in  Za. 

PIG.  4-12  IB  pulse-height  spectra  of  measured 

with  a 3.5  3.5-cm  Nal(Tl)  spectrometer.  Copper  absorbers  were 

2 

placed  between,  source  and  detector,  ranging  from  710  mg/cm 
(A)  to  2200  mg/cm^  (K).  [From  Saraf  (1954a)]. 

FIG.  4-13  Pulse-height  spectrum  of  ^^Cr,  as  recorded  with  a 
3 

1.2-cm  Ge(Li)  detector  with  a pileup  rejector.  The  measured  spectrum 

(N  ) is  shown  in  the  energy  range  above  the  320.1-keV  y-ray  peak, 

with  its  individual  components:  internal  bremsstrahlimg  (N  ) , 

' IB 

residual  pileup  (N  ),  and  background  (N  ) . [From  Mutterer  (1973a)] 

ptl  B * * * 

51 

FIG.  4-i4  Extrapolation  plot  for  pileup  correction  of  Cr 
spectra,  recorded  from  sources  of  different  strengths  with  a Ge(Li) 
spectfometef . Ratios  of  integral  counting  rates  different 

energy  ranges  E>E^  above  the  320.1-keV  y line  and  total  counting  rates 
(N)  are  plotted  against  corrected  total  counting  rates  (N‘).  The 
intercepts  at  N'=0  give  ratios  of  IB  to  y counting  rates  above  dif- 
ferent energy  thresholds  [From  Mutterer  (1973a^ 


51 

PIG.  4-15  IB  pulse-height  spectrum  (n  ) of  Cr,  deduced  from  ‘ 

XjB 

a set  of  spectra  that  were  recorded  with  a Ge(Li)  spectrometer  and 
corrected  for  pileup  applying  the  extrapolation  method.  The  cor- 
responding energy  spectrum  (w  ) is  shown  in  the  inset.  Solid  lines 

J.1? 

represent  theoretical  spectra  of  Martin  and  Glauber  (1958).  [From 
Mutterer  (1973a)3, 

FIG.  4-1^  Arrangement  of  two  3x3-in.  NaI(TS,)  detectors,  used  for 
IB  spectrometry  in  coincidence  with  y rays.  [From  Persson  and  Kbonin 
(1972  )L 

7 

PIG.  4-17  Pulse-height  spectra  of  Be  photons  gated  by  y i^ays, 
as  obtained  with  two  3x3-in.  NaI(T£.)  spectrometers  in  close  face-to- 
face  geometry.  The  coincidence  spectrum  (open  circles)  is  compared 
with  the  random  coincidence  spectrum  (filled  circles) . The  difference 
between  the  two  spectra  represents  the  pulse-height  spectrum  of  inter- 
nal bremsstrahlung  that  accompanies  the  EC  transition  to  the  excited 
7 

state  in  Li.  [Prom  Lancman  and  Lebowitz  (1971b)]^ 

FIG.  4-18  Electronic  circuit  of  IB  spectrometry  in  coincidence 
with  y rays,  for  a device  with  two  Nal(Tf)  detectors  (Fig.  4-l6) . 

[From  Persson  and  Koonin  (1972)J 


7 

FIG.  4-19  IB  pulse-height  spectrum  of  Be  measured  in  coincidence 

^Be  Y-ray 

with  the  477-kev  y rays.  The/i^eak  at  477  kev  remained  after  correction  fo 
coincidences.  The  corresponding  Compton  distribution  is  shown  as  a 
dashed  line.  [Prom  Persson  and  Koonin  (19723, 
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PIG.  4-20  Total  IB  spectrum  of  Cs,  measured  with  a lxl*j-in. 

NaKTS,)  crystal  with  a 0.0005-in.  thick  aluminum  window.  The  Is  IB 


, • -rsti  . • ‘ ■ 

;spectijuni  .gateS'  -by  ' Xe  .K  ik  rays  that  .were  recorded  ^wi.th  a >1  .-5x0 . 080-in. 

iNal((3?Jl5)  .crystai,  iis  ,als.p  ss.hpwn.  ’.[Fjrom  3aiyati  !(;19.62ip. 

JF^CG.  '.4-2L  ’’Eure  jhig^err-.sheil;!  ’IB  spectrym  ;of  ^®^'P,t,  , measured  .with 

• ■ 3 • . 

,7-  cm"  -jco^iai  {Gef(Ll!)  (detector^.  iDP.rqm  iHppke  and  (Naumann  ;(;iR69;)„ 

4^d  ipr-iyate  icpmniunicationi]^. 

37 

•PIG..  ^4r-2:2  *,eorrect’ions  sapplied  .to  -the  ;predic.te.d  ' ‘ )Rx  IB  i^pe.qt-rum 
■'fto  icpnyerit  .‘it  into  .-a  }pu>lse-heigh,t  L^eptrum  ,as  .wpuid  !_be  ^measured  -.with  .a 
,i'x:1^4in,.  •Na-l{(g?JiT)  .spectrometer;:  ?(A;)  .theoretica'l  cm?ye  .crorrected  if  or  y 

.efficiency:,  .and  dis.trib.ution  curyes  .for  ;(B).  , photo  electrons,,  .'(G) 
iCompton.  electrons,  '(D.)  .backscattered  .photqns^,  i(E)  escaped  photons,,  .and 
•'(p.)  .ab.s.qrbed  .photons.,  ferom  rLindgyist  and  -:Wu  ;(i955)0. 

P.IG..  4-;2'3  'Compton  .distributions  of  ^^Mn  (a*)  -and  ^^Sr  i(W  ..recorded 
with  -small  Ge  (Li)  spect.rqmeters.  ■ Measured  spectra  ,are  compared  .with 
.those  calculated  from  constructed  respons.e  .matric.es.  ![;(a')  from  .Ribordy 
and  .Huber  (1970) „ courtesy  -qf  .Birkhauser  -Eublishing  Co,.j;  -'(b)  from 
"Mutterer  .'('19.730),,  .unpublished] . 

-1  '5'4 

7P-IG.  4-2:4  IB  puls.e-rheight  spectrum  rof  :Mn  , .measured  with  .a 

3x3-.in-.  :NaI'(T£j  spectrometer,  in 'cqinciddrice ‘wi-th* 'the  835-^keV  y rays 

. .5'4'  ' r.*  ■ 

from  Cr.  The  solid  line  is  tthe  lest  fit  '(.corresponding  .to  the 

2 

minimum  value  of  x j)  of  the  .cinrves  obtained  by  folding  the  theoretical 
■IB  spectinMn  .with  ;the  response  ^matrix.  The  endpoint  -energy  is  -used  ;as 
fitting  parameter,  ([prom  -Lancman  ,and  fL^ow.itz  ■.(il-969.)jj 


XGS 

FIG.  4-25  The  Is  IB  spectrum  of  Er,  as  measured  with  an 
l^xl-in.  NaKTi)  spectrometer,  in  coincidence  with  Ho  K x rays.  Jauch 
plots  are  shown  according  to  Eq.  (4-81)  (curve  a)  and  Eq.  (4-82)  (curve 
b).  [From  Zylicz  (1963),  courtesy  of  North-Holland  Publishing 

Co . ] . 

i.  49 

FIG.  4-20  IB  spectrum  of  V,  measured  with  a well-type  NaI(T5,). 
spectrometer.  The  full  line  represents  the  theoretical  spectrum  of 
Glaxuber  and  Martin  (1956) . The  ei^erimental  points  are  normalized  at 
200  keV.  [From  Hayward  and  Hoppes  (1956][J 

FIG.  4-27  Total  IB  spectrum  of  ^^Fe,  measured  by  Berenyi  et  al. 

(1965)  with  a 10. 2xl5.2-cm  NaI{TS,)  spectrometer.  ' Data  points  represent 

the  effective  shape  factor  obtained  by  dividing  the  corrected 

2 

spectrum  (H„  ) by  the  Morris on-Schiff  term  k(k.-k)  • [Prom  Varga 

Koinr  0 . . 

(1970) , courtesy  of  Himgarian  Academy  of  Science] . 

FIG.  4-28  Ratios  p of  ej^eriraental  to  theoretical 
E,T 

bremsstrahltmg  yields,  calculated  with  theoretical  IB  intensities 
according  to  Morrison  and  Schiff  (1940) . Values  are  given  for  Is  IB 
intensities  per  K capture  (open  circles) ; total  IB  intensities  in 
which  s contributions  predominate,  relative  to  K-capture  rates 
(triangles) ; and  total  IB  intensities  relative  to  total  EC  rates 
(filled  circles) . References  for  experimental  data  are  given  in  Table 


4.9. 
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FIG.  4-29  Ratios  of  ejsperimental  to  theoretical  bremsstrahlung 
yields,  calculated  Vfith  theoretical  IB  intensities  from  the  theory  of 
■Martin  and  Glauber  (1958),  with  R^^(Z,k)  from  Eqs.  (4-37)  and  (4-38). 
For  notation  and  references  see  caption  of  Fig.  4-28- 

FIG,  4-30*  Ratios  of  experimental  to  theoretical  bremsstr^lung 
yields,  calculated  with  thepretical  IB  intensities  according  to 
Intemann  (1971)  for  R^^(Z,k)  (Eq.  4-44).  For  notation  and  references 
see  Fig.  4-28- 

FIG.  4-3I  IB  spectrum  of  ^^Ca,,  measured  with,  a Ge  (Li)  spectro- 
meter in  two  different  geometries.  The  spectpa  (W  ) divided  by  the 

XB 

Is  2 

Morrison-Schif f spectrum  k (kQ  -k)  are  compared  with  predicted  IB 
shape  factors.  [From  Myslfek  pt  al. , (1973) , courtesy  pf  North- 
Hblland  Publishing  Co.]. 

FIG,  4-32  Total  IB  .spectrum  accompanying  the  second-forbidden 
36 

nonunrque  EC  decay  of  Cl,  measi^ed. .with  a lOxlo-cm  NaKTjl)  spectro- 
meter. The  spectrum  is  shown, in  Jauch  coordinates. (a), and  in  form  of 
the  effective  shape  function  R^^^  (b) . The  latter  is  compared  with 
theoretical  shape  functions,  calculated  with  (1)  and  without  (2) 
including  detour  transitions.  [From  Smirnov  and  Batkin  (1973), 
courtesy  of  Na^^a  Press] . 

37 

FIG.  4-33  Circular  Polarization  • (P  ) of  the  IB  from  .Ar  as 
function  of  energy,  measured  with  a forward-scattering  Compton 
polarimeter  provided  with  a Nal  (TJl)  detector.  (Hartwig  and  Schop- 
per,  1958).  The  solid  line  is  the  theoretical  curve,  cal- 


culated  from  Sq.(4-52)  with  the  polarization  functions 

“is  ^“8,  The  IB  spectrun  of  is  also  shown, 

51 

FIG.  4-3l»  Relative  change  5 (x)  in  the  Compton  absorption  of  Cr 
photons  in  iron  that  is  magnetized  parallel  and  anti-parallel, 
respectively,  to  the  photon  momentum.  The  Compton  polarimeter  has  a 
special  radial- transmission  magnet.  Photons  are  recorded  with  Nal(Ti) 
detectors  applying  current  integration  techniques.  Values  of  6 {x) 
for  different  Pb  absorbers  between  source  and  magnet  are  shown.  Solid 
lines  are  calculated  from  IB  theory.  [From  Kuphal  ^ al.  (1974)3. 


FIG.  4-35  Forward-backward  asymmetry  W(tt)/W{0)  in  the  emission  of 

119 

IB  photons  from  polarized  Sb  nuclei,  as  a function  of  sample 
tenperature.  [From  Brewer  and  Shirley  (1968)1 , 

FIG.  4-36  Overall  asymmetry  coefficient  A(k)  of  IB  emission 
119 

from  oriented  Sb  nuclei,  measured  by  Brewer  and  Shirley  (1968) . 

Data  points  are  compared  with  theoretical  predictions,  calculated 
with  the  asymmetry  functior^a  and  a q£  Fig.  4-9  (full  curve), 

J.S 

and  with  = 1 (dashed  curve).  [From  Intemann  (19?1}]. 


k?7 


PIG-  5-li  Theoretical  momentum  spectrum  of  K electrons  ejected 
55 

during  K capttire  of  Fe.  The  upper  curve  is  ea-lculated  according  to 
Ihtemann  and  Pollock  (1967) , taking  into  account  only  the  exchange  of 
scalar  virtual  photons  during  transitions  between  spherically  sym- 
metric states.  The  lower  curve,  calculated  by  Intemanh  (1972),  results 
if  p-wave  intermediate  states  and  the  exchange  of  longitudinal  virtual- 
photons  are  taken  intb  account.  (After  I-ritemann,  1972). 

FIG.  5-2.  Calculated  momentum  spectrum  of  K electrons  ejected 

131 

during  K-capture  decay  of  Gs.  Curve  A is  according  to  the  non- 
relativistic  theory  of  Primakoff  and  Porter  (1953) ; curve  B represents 
the  semirelativistic  calculation  of  Intemann  (1969) - (From  Intemann, 
1969) . 

FIG.  5-3.  Calculated .energy  spectra  of  electrons  ejected  in  the 
55 

decay  of  Fe'.  The  dashed  curve  - labeled  "K-K"  represents  -K  electrons 
ejected  during  K c^ture;  the  curves  "K-L^"  indicate  L^-elect-rons 
ejected  during  K capture  plus  the  exchange  effect,  viz. , K electrons 
ejected  during  capture.  All  rates  are  given  per  K-capture  event. 
After  Mukoyama  and  Shimizu  (1974) . 


[recalculated  . 
...Vatai  J 

©Martin  and.Biichert-Toft 
aSusIov 


COUNTS  PER  CHANNEL  COUNTS  PER  CHANNEL 


481 


00 

VjO 


PIG.,  3-3 


COMPOSITE 
:M  Als|;b  1 SPECTRUM 


FIG.  3-6 


Energy  (keV) 


Pk/(Pk*Pl) 


in  Cs  I (Na) 
in  NaKTl ) 


490 


3~11 


i 


VO 

M 


PiqK 

PKqJ 


• • 


^95 


PIG.  3-15 


PLASTIC  COUNTER 

G^S  INLET 


PIG.  3-1*7 


COUNTS/CHANNEL 


49? 


PIG.  3-18 


COUNTS  PER  CHANNEL 


/ 

fIG,'  3-19 


NEL 


NbK^ 


150  h 


* MoKoC 


CHANNEL  NUMBER 


FIG.  3-?C 


[•A 


NNEL 


PREAMP 


SINGLE 

CHANNEL 

ANAL 


iji 

o 


ratio 


505 


I l\J  I l-M  I H I I \ I I .1  \ I I H i 'M  I M niv  I Ml 

■ .10“^  2 3 4 5 6 8 1 2 3 4 5 


Maximum  p'*'  kinetic  energy. . 
(MeV) 


FIG,  3-25 


506 


(dw^s/dk)/  (IN  UNITS  OF  lO^^/mc 


PIG.  fl--2 


PIG.  4- 


me  /1i) 


3 


VJI 

o 

VO 


EXACT  RESULT 
LOW  k EXPANSION 
HIGH  k APPROXIMATION 


PIG.  U-6 


512 


XJf 


513 


( Is  State  ) 


I 2s  State ) 


FIG. 


( 2 s State ) 


3ui/g^OI  JO  SllNONI) 


iOO 


200 

ENERGY/keV 


300 


FIG,  4-12 


400  500  600  700 

Energy  E (keV) 

PIG.  4-13 


Counting  rates  per  channel  [sec-’] 


519 


Nint  / N 


U\ 

<\5 


3X3 


t_ I I I I 


I 2 3 4 5 

PIG.  if-l6 


30 

40  50  60 

CHANNEL  NUMBER 

70 

80 

FIG.  4-17 

17Z3 


4-19 


ON 


Relative  Intensity 


yield  p 


ARBITRARY  UN'ITS 


~o 


PIG.  4-31 


OJ  0 7 0.8  0,9  1.0  k,  MeV 


FIG.  4-32 


IB  polarization 


..  Differential  IB  intensity  dw 
in  r b-ilra  ry  - ~u  n it  s-) 


pig;  4-35 


Ln 


PIG.  5,-x 


P(W)  (mc^r^ 


5^5 


EJECTED-ELECTRON  ENERGY  (keV) 


PIG.  5-3 


